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CORRECTIONS AND EMENDATIONS 


Contributors to volume 46 have been invited to send corrections and emenda- 
tions to be made in their paper, and the volume has been scanned with some care. 
Corrections and insertions are as follows: 


Page 70, add footnote, A. C. Lane: Geological report on Isle Royale, Mich., 
Mich. Geol. Surv., vol. 6, pt. 1 (1898) p. 106-122. 

“ 1055-1058, for position of localities not shown on Plate 89, see southeastern 
portion of the Priest Valley sheet, U. S. Geological Survey, edition, 
1915. 

“1186, 3rd par., last sentence, for Nigaran, read Niagaran. 

“1190, line 8, for post-Lockport limestone, read post-Rochester Lockport 
limestone. 

“1212, footnote 29. The reference cited has since been published as follows: 

Bradford Willard: Middle-Upper Devonian contact in Pennsyl- 

vania, Pa. Acad. Sci., Pr., vol. 9 (1935) p. 39-44. 
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CORRECTIONS AND EMENDATIONS xiii 


Page 1235, lines 1 and 4, for a5 read a, 
“1244, last line, for A. R. Lane, read A. C. Lane. 
“ 1299, 3rd par., line 15, for late upper Miocene, read middle Pliocene. 
“ 1335, line 8, for Crystalline, read crystalline ; 
line 14, for Lower Miocene, read lower Miocene. 
“ 1339, Plate 98, title should read, BERGEN PARK AND FLATTOP 
PENEPLAINS. 
“ 1656, line 3, insert at end “at higher horizons.” 
“ 1671, lines 7 and 8 from bottom, for dirty to red white, read red to dirty 
white. 
“ ~ 1676, line 2, for thick, read apart. 
“ 1776, line 5, for existant, read existent. 
“ 1778, No. 529, CaO should be 1.12, total 98.80. 
" “ 206, Al:Os should be 17.81, total 99.28. 
’ “ 272, MgO should be 7.08, total 99.69. 
“ 204*, H:O should be 1.35, total 99.88. 
“ 1780 “ 285b, SiO. should be 68.65, total 99.60. 
“ 522; H:O should be 0.20. 
487*, FeO should be 7.06, total 99.50. 
sg is “ 530, MgO should be 5.38 and CaO 14.07, total 102.78. 
“ TiO. should be 1.21. 
“ 1782 “ 104, Total 99.76. 
“ 251, MgO should be 2.45. 
=: “ 259, Total 100.71. 
“ 154, Total 99.98. 
“ 1784 “ 356, Total 100.52. 
“ 365, Total 101.10. 
“ 17, Total 100.68. 
. = “ 105, SiO. should be 74.35, total 98.85. 
“ 431x, Total 100.89. 
“ 1786 “ 168, SiOz should be 54.45. 
“ 160*, Al,O; should be 16.23, total 98.96. 
“ 157, Total 101.22. 
“ 1787 “ 394, Total 99.72. 
i “ 94, SiO. should be 72.87. 
“ 115, Total 99.90. 
“ 1789, line 10, for Magna, read Magma. 
“ 1806, Table 21, CaO line should be 7.5 58 48 38 25 045; 
second and third totals, 99.7. 
9 “ Table 22, fifth total 100.2. 
“ 1865, line 3, for recrystalized, read recrystallized; for recrystalization, read 
recrystallization. 
“ 1892, lines 6-7, for (PI. 175, fig. 1) read (Fig. 1). 
“ 1941, footnote 11, delete “and H. 8S. Palmer.” 
“ 1952, 3rd par., Ist line, for below, read above; Table, for 300+, read —300+. 


* Errors antedating plotting of variation curves indicated by this symbol. 
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PART I 
INTRODUCTION 


In previous papers the writer has tried to bring out the evidence 
which points to the old age of the major faults and to fault-trough 
deposition in the Coast Ranges. In the paper on the “Tectonics of the 
Valle Grande”? the evidence for the origin by faulting of that great 
Cretaceous and Tertiary inland basin, of which the present Great 
Valley of California is a remnant, was reviewed, and in the paper 
entitled “Tectonics of the Coast Ranges of Middle California”? the 
evidence for fault-trough deposition was discussed in greater detail. 
In the latter paper® six sections across the Coast Ranges were de- 
scribed, and the principal old basins and land areas were outlined. 
These were referred to as negative and positive areas. His latest 
paper dealing with the tectonics of the Coast Ranges is entitled “Age 
of primary faulting in the Coast Ranges of California.”* Its purpose 
was to give more detailed evidence that the primary faults antedated 
the Coast Range revolution which took place in Pleistocene time. 
The criteria for the recognition of buried faults were discussed, also 
the criteria accepted in establishing the age of the faults. 


2B. L. Clark: Tectonics of the Valle Grande of California, Am, Assoc, Petr, Geol., vol. 13, 
no. 3 (1929) p. 219-226. 

SIdem: Tectonics of the Coast Ranges of Middle California, Geol, Soc, Am., Bull,, vol. 41 
(1900) p. 747-828. 

* Op. cit., sections opposite p. 774 and 786. 

*Idem: Age of primary faulting in the Coast Ranges of California, Jour. Geol., vol. 40, 
no, § (1982) p. 285-407. 
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The principal conclusions in these papers may be summarized as 
follows: (1) The major faults, referred to as primary faults, in the 
Coast Ranges are older than the Pliocene-Pleistocene revolution, dur- 
ing which most of the folding of the Cretaceous and Tertiary deposits 
took place. The writer believes that most of the primary faults are 
probably pre-Cretaceous in age. (2) The primary faults had their 
origin deep down in the crystalline rocks and were the result of shear- 
ing, which must have been initiated when these rocks were undergoing 
great compressive stresses. (3) The result of this early faulting was 
to divide the Coast Range area into a series of blocks, some of which 
rose (positive) and stood high while others were depressed (negative) 
and stood low. At times of marine inundations the positive areas 
formed land masses and the negative areas, bays and straits. Thus, 
there were fault troughs or grabens in which sediments were depos- 
ited; as the troughs sank the lands rose. Erosion and sedimentation 
were taking place on adjacent blocks. (4) Folding in the Coast 
Ranges is largely the result of local compression, resulting from ver- 
tical and horizontal movements of the wedge-shaped blocks along the 
faults at times of compression. 

In a recently published book entitled “Geology of California,” 
R. D. Reed has expressed his disbelief in the old age of faulting and 
in fault-trough deposition in the Coast Ranges; the following quo- 
tations are taken from this: 


“As the matter stands at present, therefore, the attempt to explain the Coast 
Ranges as a series of independent and perennially shifting blocks has been noted 
for vigor and skill rather than for success. Whatever the future may bring, the 
theory stands without a single clearly proved example to its credit.” * 

“On the problem of the age of the Coast Range faults, Louderback points out 
that the time of inception of displacement along them has not been determined, 
but that theoretical reasoning would lead to no expectation that faults should retain 
their position and character during severe deformative movements that have in 
the late Cenozoic so modified the positions and attitudes of the strata of the 
belts through which they run.” 


The purpose of the present paper is to analyze some of the principal 
details of the geological mapping in the two areas with which the 
writer is familiar, in order to bring out more clearly the evidence for 
the old age of the faulting, for fault-trough deposition, and for folding 
as the result of drag accompanied by compression, as discussed in 
the previous papers. Besides this, a discussion is given of a new 
theory as to the way in which “sliver blocks” and wide fault zones 


5R, D. Reed: The Geology of California (1988) p, 38. 
Op. cit., p. 59. 
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may be formed, as illustrated by the Riggs Canyon fault of the Mount 
Diablo area. 

The structures found in these two areas are typical of the Coast 
Ranges, and the conclusions that apply to them apply also to the 
general Coast Ranges of California. The first of these, the Mount 
Diablo area, is about twenty miles east of San Francisco Bay; the 
second is part of the western “border area” of the San Joaquin Valley 
in the vicinity of the town of Coalinga and will be referred to as the 
“Coalinga area” (PI. 90). 
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SUMMARY OF PARTS II AND III 
MOUNT DIABLO AREA 


Stratigraphic relations—The Riggs Canyon fault, which cuts 
through the area to the south and west of Mount Diablo, had its 
origin in pre-Miocene time. The fault zone separates two areas in 
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which the structures are very different. On the south side of the 
fault there is exposed a maximum thickness of more than 17,000 feet 
of Tertiary deposits and about 500 feet of Cretaceous shales; here 
these beds stand vertically and in places are overturned. The most 
complete section on this side of the fault is in the immediate vicinity 
of Mount Diablo; a few miles south of the mountain the Cretaceous 
and Eocene deposits are cut out against the fault. Only a few miles 
still farther south in the Tesla area the Eocene deposits are again 
present on the south side, whereas on the north side of the fault 
Briones sediments (upper Miocene) rest unconformably upon those 
of upper Cretaceous age (Fig. 1). This sudden change in the sequence 
in going across the fault zone shows that the fault was in existence 
at least in pre-upper Miocene time. 

On the north side of the fault, in the vicinity of Mount Diablo, 
the structures are complex. The main mountain-mass, which is com- 
posed of Franciscan (Jurassic?) rocks, is formed of a number of 
upthrust fault blocks, the faults bounding which are high-angled. In 
the immediate vicinity of the mountain there is a group of fault blocks 
in the Cretaceous series. These blocks are folded independently, and 
on two of them the folding is nearly at right angles to the trend of 
the Riggs Canyon fault. The folds of these blocks are open, and 
there is no possibility that they could have been part of a major 
anticline, which was first overturned and then broken, the concept 
held by G. D. Louderback? and R. D. Reed.* In the area north 
of the Riggs Canyon fault, and a few miles southeast of the mountain, 
the Diablo thrust has brought the Cretaceous deposits out over the 
Riggs Canyon fault, and in one place these deposits rest upon beds of 
lower Pliocene age. On the north side of the Riggs Canyon fault there 
are close to 28,000 feet of Cretaceous sediments. Twenty-one thousand 
feet of upper Cretaceous deposits are found in the section above the 
Diablo thrust, and about 6,000 or 7,000 feet of lower Cretaceous beds 
are in the section below the thrust. 

The writer’s conclusion is that the vertical overturned Tertiary and 
Cretaceous beds on the south side of the fault were deposited in a 
fault trough that existed during the Tertiary period, and that they 
were brought to their present position as the result of drag at the time 
of the late Pliocene or early Pleistocene compression (Fig. 2). The 
Cretaceous series on the north side of the fault belonged to a positive 


7G. D. Louderback: An outline of earth movements in the central coast region of California 
in late Pliocene and post-Pliocene time, 4th Pacific Sci. Cong., Pr. (1929) p. 841-848. Java. 
®8R. D. Reed: op. cit., p. 58. 
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area, which was being eroded during the Tertiary period and supplied 
in part the Tertiary sediments to the south and west, the Tertiary 
shorelines being along the margins of the uplifted Cretaceous blocks. 
It is probable that at times the northern positive area was covered 
by Tertiary sediments, but at such times there would have been only 
a thin veneer of deposits which would be stripped away after the 
next uplift took place. The area to the south was continuously going 
down, and the one to the north was going up. There is no evidence 
of any folding in this area until late Pliocene or early Pleistocene 
time. 

Theory explaining origin of “sliver blocks” along a primary fault.— 
The writer proposes the theory, based upon his study of the Riggs 
Canyon fault zone, that “sliver blocks” along a primary fault are 
formed as the result of the early folding or deformation of the upper 
part of the fault plane. It seems reasonable to believe that when a 
fault plane is folded or deformed only its upper portion would be 
so affected and that deep down in the Basal Complex there would be 
no folding. Here the stresses would be stored until the point of break- 
age, when movement would again take place along the old plane, 
but if this displacement was great enough to cause it to break through 
to the surface, the new movement would no longer be able to follow 
the folded or deformed portion of the old plane but would rip through 
along a straight line, which would be directly above the deep-seated 
undeformed portion of the plane. 

The process is demonstrated by a series of broken flexures along 
the south side of Riggs Canyon fault. The formation of these flexures 
is ascribed to the folding which involved the early fault. Their rup- 
ture took place when, during subsequent movement initiated on the 
deeper and unfolded part of the fault, the upper part of the dislocation 
abandoned the folded course and projected itself along a more regular 
plane to emerge at the surface along an essentially straight line. 


COALINGA AREA 


Stratigraphic relations.—In going eastward across that part of the 
Coast Ranges west of the town of Coalinga, one finds some very abrupt 
changes in sequence, which take place in crossing the primary faults. 
West of the Salinas fault zone (Pls. 89, 90) beds of upper Miocene 
age rest directly upon the Basal Complex, the oldest known rocks in 
the Coast Ranges, whereas on the adjacent, narrow, wedge-shaped 
Peachtree block, between the Salinas and San Andreas fault zones, 
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middle Miocene deposits are found. East of the San Andreas fault 
zone and west of the Waltham Canyon fault zone is the long narrow 
area which has been referred to as the Parkfield area. It is broken 
into a fairly large number of fault blocks, each of which has been 
folded independently. The sequence on many of the adjacent blocks 
in this area changes abruptly on crossing the bounding faults. Thus, 
on some blocks the middle Miocene deposits, on others beds of upper 
Miocene age, and on one of the larger blocks the marine Pliocene 
deposits, rest directly upon the Franciscan (Jurassic?). The irregular 
Table Mountain blocks, near the south end of this area, are entirely 
surrounded by faults and stand out as horsts consisting mostly of 
Franciscan rocks which are everywhere in fault contact with the sur- 
rounding Cretaceous and Tertiary sediments. This type of structure 
is similar to that which has produced the Mount Diablo mass, a type 
that is much more common in the Coast Ranges than is generally 
known. The abrupt changes in going from one fault block to another 
in the Parkfield area is good evidence of their old age. The fact 
that Cretaceous sediments are found on some of the smaller blocks 
in the area is evidence that at least during part of the time the 
Cretaceous marine waters covered the area; their sediments, however, 
had been mostly stripped away by the beginning of middle Miocene 
time. 

East of the Parkfield area and separated from it by the Waltham 
Canyon fault is a section of Cretaceous sediments, about 20,000 feet 
thick; overlying them are several thousand feet of Cenozoic deposits. 
The Cretaceous beds are cut off abruptly at the Waltham Canyon 
fault. The pre-Miocene age of the Waltham Canyon fault is shown 
by the fact that on its west side, as indicated by the sliver block 
in the fault zone on the north side of Priest Valley, the marine 
Pliocene deposits overlie middle Miocene sediments, whereas on the 
east side Pliocene sediments rest with a marked structural! unconformity 
upon the Cretaceous series. The sliver block, to which reference has 
just been made, shows that Miocene deposits on the west side of the 
fault rest directly upon the Franciscan series. A well on the west 
side of Curry Mountain and on the west side of, and close to, the 
Waltham Canyon fault zone penetrated Miocene sediments below 
those of Pliocene age. There is only one possible way in which the 
sediments along the Waltham Canyon fault could have been brought 
to their present position and that is by faulting first and then folding, 
accompanied by uplift, tilting, and drag. The idea that the beds 
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were first folded and then faulted must be ruled out, first, because of 
the direct evidence of the old age of the fault, cited above, and second, 
because there is no evidence of a fold in the Cretaceous such as would 
be necessary to bring the sediments up to their present position on an 
anticline; all the Cretaceous deposits on the east side of the fault zone 
dip monoclinally away from it. The markedly unconformable rela- 
tionship of the Pliocene deposits to the Cretaceous series of the block 
east of the Waltham Canyon fault zone, which block now stands much 
higher than the adjoining blocks of the Parkfield area to the west 
on which Cretaceous deposits are lacking, shows, first, that this eastern 
block must have stood much lower during the deposition of the Plio- 
cene sediments than it does now, and second, that the sediments 
exposed along the west front of the block, stratigraphically under- 
neath the Pliocene deposits, were buried below the top of the western 
block and that, therefore, these Cretaceous deposits were cut off 
abruptly at the fault. 

The conclusion is that the deepest part of the old Cretaceous basin 
of deposition was probably just east of the Waltham Canyon fault 
zone. The relationship of the sediments to the fault shows that the 
latter was probably in existence at that time. It apparently was the 
western margin of the complex fault trough which has been referred 
to as the Valle Grande, of which the present Great Valley of Cali- 
fornia is a remnant. It would appear that the Parkfield area formed 
a shelf along the margin of the Valle Grande on which Cretaceous 
deposits were laid down, and that the Waltham Canyon fault zone 
formed the boundary line between the deeper portion of the Valle 
Grande on the east and the shallow water area on the west. At 
various times the blocks in this western area were probably uplifted 
and the sediments stripped off. This is indicated by the numerous 
Cretaceous boulders that are so characteristic of the conglomerates 
of that series east of the Waltham Canyon fault zone. Another hypoth- 
esis can be given in explanation of the origin of the Parkfield area; 
it is that it might have been differentiated after the deposition of 
the Cretaceous sediments and that during the Cretaceous period the 
western edge of the Valle Grande was farther to the west. If so, the 
faulting must have taken place before the deposition of the middle 
Eocene deposits to the east, for there is good evidence that the Waltham 
Canyon fault was in existence at that time. 

The mapping of the Cretaceous deposits east of the Waltham Canyon 
fault shows that they were tilted as a block toward the southeast 
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at a very early date. The result of this uplift was to form an embay- 
ment in the area south of Coalinga. There is good evidence that 
this embayment was in existence as early as middle Eocene time. The 
upper end of this tilted block formed part of an island, composed 
mostly of Cretaceous rocks, but near the northern end it included a 
block of Franciscan. West of this land-mass was the Parkfield area, 
portions of which were inundated during the middle Miocene. A large 
part of the area was covered during upper Miocene time and a still 
larger part during the Pliocene. How much of it was covered by 
the Eocene seas cannot be determined. This concept is brought out 
in the paleogeographic maps (Fig. 9). The island area and the Park- 
field area are shown in Figure 9 as part of Salina ® during the Eocene 
period. 

Considerable space is given in this paper to the discussion of the 
Castle Mountain fault, which is south of the town of Coalinga. The 
conditions found near the south end of the fault, where the older 
Tertiary deposits are cut out abruptly by the overlapping upper Mio- 
cene shales, is proof that the fault existed at least in pre-upper Miocene 
time. The older Tertiary deposits on the southwest side of the Castle 
Mountain fault had been stripped off the block before upper Miocene 
time; the block on the northeast side, however, retained most of its 
sediments. The sediments on the block west of the fault were not 
folded until after the deposition of the Pliocene deposits, as shown by 
the fact that the Pliocene and upper Miocene deposits are conform- 
able with the underlying Cretaceous sediments. However, there had 
been considerable folding of the Cretaceous deposits on the north side 
of the fault, as shown by the marked structural unconformity between 
the latter beds and the Eocene sediments. The fact that there is no 
marked structural unconformity in the Tertiary deposits of this north- 
ern section shows that there was practically no folding there during 
that period of time. One is forced to the conclusion that at the time 
of the deposition of the upper Miocene beds the older Tertiary sedi- 
ments were cut off at the fault and were buried in the depressed area 
north of the fault, but were lacking in the area on the south side. 
The relationship of these deposits to the fault is such that the only 
way in which the folding can be explained is by drag; they were 
dragged to the surface at the time of the compression which was 
brought about by the Pleistocene revolution. This conclusion applies 


® The name, ‘‘Salina,’”” was proposed by R. D. Reed in his book, ‘“The Geology of California,” 
for the old positive land area west of the San Andreas fault. 


1034 3B. L. CLARK—TECTONICS OF MOUNT DIABLO AND COALINGA AREAS 


also to the other areas that have been discussed (Pl. 89, sect. E-E’; 
Fig. 7). 

Considerable space is given in the paper to the discussion of the 
folding along the Kreyenhagen Hills fault in the area south of the 
town of Coalinga. All the evidence here shows that the folding was 
initiated as the result of drag along that fault. It is the writer’s 
conviction that this is the most common type of folding along the west 
side of the San Joaquin Valley. 


Conglomerates.—One of the chief lines of evidence of the existence 
of fault-trough deposition during the Cretaceous period is the conglom- 
erates in the area west and southwest of Coalinga. These conglom- 
erates occur at various horizons throughout the Cretaceous series; they 
were derived almost entirely from the Basal Complex. There appears 
to be very little to distinguish one conglomerate from another. The 
higher conglomerates locally have the appearance of grading into the 
sandstones and shales on either side, and there is no evidence that 
the lower beds were eroded before the conglomerates were laid down. 
Another characteristic is their general lack of sorting; they give the 
impression of having been dumped into a basin very rapidly. The 
fact that fairly large boulders of Cretaceous sandstone are found scat- 
tered through the conglomerates shows that areas to the west, which 
had been inundated and covered with sediments, were being stripped 
while the conglomerates were being formed. At the time that these 
conglomerates were laid down the area on the west, referred to as 
Salina, must have stood much higher than it does at the present time. 

The enormous boulders of serpentine in the conglomerates of the 
Big Blue, continental middle Miocene deposits found on the Lillis 
ranch, north of the Coalinga anticline, are explained as the result of 
slide from the serpentines of the Franciscan area, which is exposed 
on the south side of the New Idria fault. There is no other possible 
place from which such a slide could have come. The conclusion is 
that the Franciscan series to the south stood high as a fault block. 
This block was a horst and formed part of the uplifted area east of 
the Waltham Canyon fault, to which reference has already been made. 
The Coalinga anticline was formed against this horst. 

The conglomerates of Quinto Canyon, which are found in the area 
a little north of that shown on the map (PI. 89), were originally 
described in the paper on the tectonics of the Valle Grande. These 
conglomerates were derived largely from the Franciscan series of the 
Mount Hamilton block. 
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PART II 


MOUNT DIABLO AREA 
DETAILS OF GEOLOGY 


The Riggs Canyon fault is a primary fault which cuts through the 
southwestern corner of the Byron quadrangle, across the Mount Diablo 
quadrangle and part of the area of the Concord quadrangle, where it 
joins the Sunol fault and other primary faults in this general area. 
Toward the southwest the Riggs Canyon fault zone’ includes the 
Carnegie and Coral Hollow faults on the Tesla quadrangle. 

The following is a summary of the stratigraphic sequence on the 
south side of the Riggs Canyon fault zone: 


Pliocene Feet 
Tassajero formation.... 3000-4000 lacustral and continental deposits. 


Moraga tut. 200- 300 tuff beds intercalated with sandstones. 
Orinda formation...... 3000 continental deposits. 
1000 marine and brackish water sandstones, 


conglomerates, and shales; conglomerates 
consist largely of andesitic pebbles. 


Neroly formation...... sandstones and shales; marine and brack- 
ish water conditions alternate; andesite 
pebbles first appear in these beds. 

Cierbo sands.......... 1000 mostly coarse, light gray, arkosic sand- 
stones with conglomerate at base and as 
lenticular layers in the sands. 

Briones sands......... 350 coarse, gray arkosic sandstones. 


Middle Miocene 
ee 300 170 feet of heavy conglomerates inter- 
calated with pearl gray shales and gray- 
brown massive sandstones, overlying 
which are about 100 feet of medium fine 

sandstones and shales. 


Upper Oligocene 
San Ramon formation.. 200 coarse to medium fine, gray, arkosic 
sandstones. 
Middle Eocene 
2700 equivalent to the Llajas formation of 


Ventura County; upper portion is equiva- 
lent to Domengine formation of west side 
of San Joaquin Valley; lower part to 


10QOn the surface, the Riggs Canyon fault, like most of the primary faults in the Coast 
Ranges, is a zone of faulting rather than an individual fault; in some places this zone of 
faulting is over half a mile wide. This fault was first recognized in 1911 by a party of 
students from the University of California under the direction of Dr. J. C. Merriam and the 
writer. 


Upper Miocene 


1036 3B. L. CLARK—TECTONICS OF MOUNT DIABLO AND COALINGA AREAS 


Middle Eocene—Continued 
Capay formation,* the type locality of 
which is on west side of Sacramento 
Valley; composed largely of clay-shales 
and quartzitic sandstone; lowermost sand- 
stones are arkosic. 

Cretaceous 

Moreno shales......... 500+ hard, siliceous, fissile shales near top, 


which grade down into clay-shales next to 
Riggs Canyon fault, against which they 
are cut off. 


*In a paper read before a meeting of the Cordilleran Section, held at Berkeley, California, 
in April, 1934, T. H. Crook and J. M. Kirby proposed the name, Capay formation, for a 
series of Eocene deposits in the Capay Valley, west of the town of Winters. These deposits 
are found along the southwest border of the Sacramento Valley. In the present paper the 
name is used as a stage name to designate strata which are apparently contemporaneous with 
the deposits of the type locality. Stratigraphically, the deposits of the Capay stage lie between 
those of the Meganos and the Domengine. 


The section on the north side of the Riggs Canyon fault is very 
much broken by faulting. For the purpose of simplicity it may be 
divided into three parts: (1) the Mount Diablo mass, (2) the Cre- 
taceous deposits below the Diablo thrust, (3) the Cretaceous deposits 
above the thrust. 

The main Mount Diablo mountain-mass is made up of the Fran- 
ciscan series (Jurassic?), which consists of numerous types of rocks, 
sedimentary, metamorphic, and igneous. This area appears to be 
entirely surrounded by high-angle faults. The contact between the 
Franciscan rocks and the surrounding Cretaceous deposits, wherever 
exposed, is that of faulting. The mountain-mass itself is divided 
into a number of distinct fault blocks. 

The Cretaceous deposits below the Diablo thrust are broken up 
into a number of distinct fault blocks, which have been folded inde- 
pendently of each other. The most complete unbroken section is 
found on the north and northeast sides of the mountain. Here there 
are several thousand feet of lower Cretaceous shales and sandstones, 
which dip toward the north or northwest. To the south and west of 
the mountain is a series of fault blocks, some of which are composed 
of lower Cretaceous sediments, others of beds referable to the lower 
portion of the upper Cretaceous. 

Above the Diablo thrust there are more than 20,000 feet of upper 
Cretaceous arkosic sandstones and shales, together with a minor 
amount of conglomerate. All these beds dip monoclinally toward 
the north. Only the lower portion of the Cretaceous part of the 
section is shown on Plate 88. The sequence and character of the 
Tertiary deposits overlying the Cretaceous of this section above the 
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thrust are very different from those of the Tertiary beds found in the 
section south of the Riggs Canyon fault. They were laid down in a 
different basin. For the purpose of this paper it is not necessary 
to go into the character of these deposits. 

As shown on the map (PI. 88) the Riggs Canyon fault is covered 
for a short distance by the Cretaceous deposits above the Diablo 
thrust, which deposits dip northeastward at a low angle. As will 
be seen from the map and cross-sections, the formations along the 
south side of the Riggs Canyon fault zone stand vertically or are 
overturned. The oldest beds in this section are upper Cretaceous 
in age; above them are about 15,000 feet of Tertiary deposits, including 
formations of Eocene, Oligocene, Miocene, and Pliocene age. It should 
be noted that only a small portion, about 500 feet, of the Cretaceous 
series is represented in this section on the south side of the fault, 
whereas on the north side, the Cretaceous deposits reach a maximum 
thickness of close to 27,000 feet.11 Of these 27,000 feet of deposits 
a little more than 21,000 feet belong to the upper Cretaceous part of 
the section, and more than 6,000 feet of lower Cretaceous deposits 
are exposed beneath the thrust plane. In the vicinity of Mount Diablo 
only beds of lower Cretaceous age border the north side of the fault. 

Another important thing to note in connection with the deposits, 
which border either side of the Riggs Canyon fault, is that they do 
not parallel the fault everywhere. Along Black Ridge, on the south 
side of the fault, upper Cretaceous deposits border the fault for several 
miles, but on the east side of Riggs Canyon these deposits, as well as 
those of the Eocene, are cut out and for a considerable distance toward 
the southeast beds of middle Miocene age border the fault; still farther 
toward the southeast on the Tesla quadrangle ** the Eocene deposits 
again make their appearance on the south side of the fault. 

A similar condition is found on the north side of the fault, and as 
one follows it from northwest to southeast he finds different members 
of the Cretaceous series bordering it. Thus, in the immediate vicinity 
of Mount Diablo, beds of Knoxville age border the fault. An anti- 
clinal fold, which strikes into the fault at right angles, is found in the 
Knoxville beds on the north side of the fault and exposed in a cut 
on the road that goes up the mountain from the west side; this is 
north of Pine Canyon and a little southeast of Arroyo del Cerro. As 
seen in the area just south of Windy Point, lower Chico sandstones 
and shales are folded into a syncline with steeply dipping beds on 


This is not a continuous section but is broken by faulting. 
12 The Tesla quadrangle is immediately southeast of the Byron quadrangle. 
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either side; the axis of this syncline is cut off on the west against 
the Riggs Canyon fault. The Knoxville beds of Curry Canyon are 
separated from these beds by a fault. As one goes southward from 
here along this northern border of the fault zone he encounters younger 
and younger beds in the Cretaceous; thus, on the Byron quadrangle 
beds equivalent to the Moreno shales (upper Cretaceous) dip gently 
into the fault zone, and still farther south in the Tesla quadrangle 
the Briones formation (upper Miocene), which here is unconformably 
upon the upper Cretaceous shales, is cut off by the fault, whereas 
on the south of the fault zone the Briones deposits are underlain 
by several thousand feet of older sediments, including beds of Eocene 
and middle Miocene age. 

Figure 1 is a section taken across the Riggs Canyon fault zone in 
the vicinity of the old town of Tesla on the Tesla quadrangle. This 
is about eleven miles southeast of the southeast corner of the mapped 
area shown on Plate 88. The fault on the south side of the sliver 
block shown in the fault zone was called the Coral Hollow fault by 
Vickery.** The middle Miocene and Briones deposits crop out on the 
surface on the south side of the fault zone only a short distance north 
of this section. This abrupt change in sequence on the two sides of 
the fault is taken as good evidence that the Riggs Canyon fault was 
in existence in pre-Briones (lower upper Miocene) time. Figure 2 
illustrates the writer’s concept of these relationships before and after 
the faulting. 

POSSIBLE INTERPRETATIONS OF FOLDING 

There are two possible ways in which the steeply dipping deposits 
on the south side of the Riggs Canyon fault could have arrived at 
their present position. One is that they were brought up on a great 
anticlinal arch, as suggested by Louderback’s section, which was repro- 
duced by Reed; ** the other is that they were brought there as the 
result of drag. Louderback, in his mapping, did not recognize the 
Riggs Canyon fault. His idea was that the Cretaceous and Franciscan 
of the Mount Diablo area originally formed the center of a large anti- 
cline which was overturned and broken by a thrust. Thus, according 
to him, the Tertiary beds along the south side of Mount Diablo were 
brought to their present position on this anticline. The discovery of 
the Riggs Canyon fault makes this concept untenable. Also, later 
work has shown conclusively that the main mountain-mass, which is 


18 Frederick P. Vickery: Structural dynamics of the Livermore region, Jour. Geol., vol. 33, no. 6 
(1925) p. 610, fig. 1. 
1%4R. D. Reed: op. cit., p. 58. 
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made up of older Franciscan rocks, 
is not part of a low-angle thrust, as 
was once thought to be the case by 
the writer + and others, but is com- 
posed of a complex series of blocks 
which have been brought up through 
the Cretaceous along high-angle 
faults. The details of this faulting, 
as well as the low-angle thrust in 
the Cretaceous to the north and east 
of the mountain, will be described 
in a later paper dealing with the gen- 
eral geology of th Mount Diablo and 
Byron quadrangles. 

Let us consider the folding hy- 
pothesis. In the first place it will 
have to be admitted that there could 
have been very little folding, if any, 
during the Tertiary period in the area 
south of the Riggs Canyon fault be- 
cause of the fact that there are no 
structural unconformities in that sec- 
tion; all the beds from the bottom 
to the top are parallel. Therefore, 
we would have to postulate that the 
folding took place some time either 
very late in Pliocene or early in 
Pleistocene time—that is, after the 
youngest beds in the folded series 
were deposited. Knowing that the 
fault was in existence in the area of 
the Tesla quadrangle at least as early 
as pre-upper Miocene time, as shown 
by the abrupt overlap of the Briones 
(upper Miocene) deposits across the 
fault onto beds of Cretaceous age, we 


15 The writer, in the paper entitled, Tectonics of 
the Coast Ranges of Middle California, plate 17, 
sec. A, shows Mount Diablo as having been brought 
to its present position by a low-angle thrust. Later 
detailed mapping, however, has convinced him that 
this concept is incorrect. 
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cannot assume that the fault was produced as the result of the forces 
that produced the folding; it existed before the folding began. 

What is more important still is that there is no evidence in the 
Mount Diablo quadrangle of the great anticlinal fold which, according 
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Ficure 2.—Diagrammatic sections 
across the Riggs Canyon fault 


Showing the relationships of the 
sediments to the fault. A and B in- 
dicate the relationships of the sedi- 
ments at the end of the Miocene and 
Pliocene respectively. C shows the 
present relationships after the fold- 
ing. 


to the folding hypothesis, should 
border the fault along its north side. 
This fact is quite obvious if one ex- 
amines the details of the geology 
on the north side of the fault zone 
in the vicinity of Mount Diablo; 
here there is no evidence of a major 
anticline on which the folding of 
the steeply dipping Tertiary sedi- 
ments took place. As has been 
pointed out, on the south side of 
Windy Point the Cretaceous sedi- 
ments are folded synclinally and 
are cut off against the folded Riggs 
Canyon fault, and in Curry Canyon 
is an anticline that is at only a little 
less than right angles to the fault 
zone. Immediately west of Mount 
Diablo on the north side of the fault 
all the Cretaceous deposits dip to- 
ward the northeast and away from 
the fault; they appear to be in 
normal position, that is, they have 
not been overturned. Here the 
Knoxville deposits on one of the 
fault blocks are folded into an open 
syncline. These relationships ex- 
clude the possibility that this area 
originally formed part of a major 
anticline. 

Let us now consider the writer’s 
concept that the deposits along 
the south side of the Riggs Canyon 
fault were brought to their present 


position as the result of drag, that the Tertiary and upper Cretaceous 
formations exposed on the south side of the Riggs Canyon fault were laid 
down in a fault trough, and that these deposits were originally buried in 
a graben, the northeastern boundary of which was the fault zone. This 
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concept does not require that the northeastern shorelines of the dif- 
ferent marine invasions into this basin were limited by the fault zone. 
What it does require is that the area on the north side of the fault 
was positive while that on the south was negative. Under such condi- 
tions it would be very probable that the different seas may have 
lapped over onto the positive blocks. If the area on the north stood 
high, the sea would eat its way into and across the area and leave 
upon it a thin veneer of deposits which would be stripped off soon 
after the next uplift of the positive area. In contrast to this, on the 
south side of the fault all the sediments would be preserved, and as 
the basin sank it would be filled with the material eroded from the 
surrounding positive blocks. 

What are the facts that support the fault-trough hypothesis as 
applied to the area under discussion? In the first place, it must 
be admitted that up to the time of the late Pliocene or early Pleis- 
tocene folding, the Tertiary deposits in the area on the south side 
of the Riggs Canyon fault had a horizontal or nearly horizontal position 
for, as has already been stated, there is no evidence of any folding 
during the Tertiary period. If we should assume that these forma- 
tions formerly extended onto the area north of the fault and that 
the latter area had not stood high, then we would have to postulate 
the removal of about 15,000 feet of Tertiary deposits from this northern 
area after or during the time of the folding of the Tertiary deposits 
on the south side. We would also have to assume the removal of 
about 15,000 feet of Cretaceous beds, inasmuch as the youngest beds 
on the north side of the fault in the vicinity of Mount Diablo are 
lower Cretaceous in age, for there is no reason not to believe that 
the upper Cretaceous was fully represented in this section. Thus, if 
one should postulate that the Tertiary deposits on the south side 
of the fault had been brought to their present position as the result 
of anticlinal folding, he would have to assume a removal by erosion 
of many thousands of feet of Tertiary and Cretaceous beds after 
the folding began. 

The fact that there is good evidence that the Riggs Canyon fault 
was in existence early in the Miocene period ard that the Tertiary 
deposits on the south side of the fault were flat at the time of the upper 
Miocene transgression onto the Cretaceous beds north of the fault shows 
conclusively that the older Tertiary formations were then buried under- 
neath the Briones formation on the south side and, therefore, must have 
been cut off at the Riggs Canyon fault zone. Figure 2 shows these 
relationships. With this position of the older Tertiary deposits the 
only way in which they could be brought to the surface would be by 
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drag, as in Figure 2c; it could not be accomplished by simple folding. 
It was this situation that first convinced the writer of the importance 
of drag in the folding process. 

As shown in the diagrams, it is the writer’s concept that there is 
a great thickness of Cretaceous deposits, which has not been brought 
to the surface in the area south of the Riggs Canyon fault. The dis- 
appearance of the upper Cretaceous and Eocene deposits in different 
places along the fault is explained by assuming that there have been 
varying amounts of drag along that line, and in some places a greater 
amount of the underlying sediments has been brought to the surface, 
in others less. This situation is very characteristic of the border areas 
of primary faults. 

The type of folding in the Mount Diablo area indicates that it 
resulted from the vertical and horizontal movements on the fault at 
the time of compression. There is a series of echelon folds which 
border the fault but are limited to either one side or the other; one of 
the principal of these is in the southeast corner of the Mount Diablo 
quadrangle, the Cayetano anticline, which will be discussed in detail 
later, and to the southeast on the Pleasanton quadrangle there are 
at least two others. In the Tesla quadrangle there is at least one 
echelon fold, which is in the Cretaceous beds on the north side of the 
fault zone and ends against the fault. Another is on the north side 
of the fault in the area east of Riggs Canyon; here the Eocene deposits 
have been folded back on themselves into an overturned syncline; 
this is referred to later as the Tassajero flexure. 

THEORY EXPLAINING THE ORIGIN OF “SLIVER BLOCKS” ALONG PRIMARY FAULTS 

General character of primary faults—In the writer’s opinion, the 
Riggs Canyon fault gives us a clue as to how a complicated fault zone, 
with its irregularities in trace and its numerous small fault blocks, is 
formed. 

One feature that usually characterizes a primary fault is that it 
is a zone of faulting rather than an individual break; often this zone 
is a mile to a mile and a half wide or even wider. There is always one 
fault on the surface that is continuous. Along such a zone there may 
be a series of small fault blocks; these will be referred to as “sliver 
blocks.’’?° In some cases these are more than a mile long; their width 
is usually less. 


16 The term “horst” has sometimes been used for such blocks, The objection to its use is 
that they are not always rising masses; very often they have been dropped in reference to 
the rocks on either side of the fault zone. The term “sliver block” does not imply any 
direction of movement of the block. 
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Another feature of most of these fault zones is that their trace is 
irregular, forming broad arcs and sharp bends. Still another sig- 
nificant feature is that the continuous fault that bounds the zone may 
dip first in one direction and then in another; in some places it may 
have the appearance of being a thrust, whereas only a short distance 
away it may have all the characteristics of a normal fault. Also, 
it is found that the faults, which bound 
the sliver blocks, dip in various directions A 
and they may be folded; if so, each block 
is folded independently. 


The folded fault—It is obvious that 
if at first incompetent beds on both sides 
of a fault and paralleling it are steeply 
dipping and if afterward they are folded, 
the fault will be folded. This position of 
steeply dipping beds, parallel with the 
unfolded fault, would be brought about, 
applying the drag theory, as the result 
of vertical movements on the fault at the 
time of compression. They would be 
dragged up on the down-thrown side and 
down on the other. If there had been 
longitudinal movements along with the 
vertical, then there would also have been 
echelon folding on either side of the fault. 
The result of adding the longitudinal 
component after the beds had reached 
their vertical position is shown in Figure 
3a. Here the fault had been folded much Ficure 3.—Diagram showing 
as a sheet of paper would be if one took folding of fouls silane 
hold of the two opposite edges of the Note lack of folding toward 
° ° oe the bottom. A indicates the 
sheet held in a vertical position and then _ unbroken folded plane; dotted 
compressed it by bringing the hands _ line indicates the position of 
oftect of the folded fault plane. 

plane. 


The broken folded fault——Now let us consider what would happen 
to this hypothetical folded fault if further movement should take place 
and the fault again broke through to the surface, it being assumed 
that during the time of folding there was no displacement along it. 
It seems more than probable that in going from the surface into the 
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deeper portions of the earth’s crust, where the rocks become more com- 
petent, the folding of the fault would become less and less until it 
finally disappeared, as is shown in Figure 3a. Here in this deeper 
undeformed portion there are two possibilities as to what would 
happen while the folding was going on in the upper portion. One 
would be that the stresses which produced the folding would be taken 
up in part by small displacements on the fault; the other, that the 
stresses would be accumulated along the fault until they reached the 
condition when the strain was too great, and then there would be dis- 
placement along the old undeformed portion of the fault. This is, 
in part, the condition that Reid‘? outlined in his elastic rebound 
theory. If there should be accumulation of the stresses and then a 
movement on the deeper portion of the undeformed fault plane suffi- 
ciently large so that the displacement reached the surface, the new break 
would no longer be able to follow the old folded portion, but would 
rip out along a new line which would be directly above the unde- 
formed portion. The result would be a series of sliver blocks along 
the fault, each block representing a fold which had been displaced from 
its former position. Figure 3b represents this condition. 

One can readily imagine how complicated a fault zone of this type 
might become if it were folded and broken several times. Still greater 
complications would be brought about by the horizontal displacements 
of the sliver blocks. 


Other possible cases—There are many other ways in which a series 
of sliver blocks could be formed. One case might be where competent 
rocks bound one side of a fault and incompetent the other. With 
such relationships it is very possible that the competent rocks, because 
of their greater strength, would not be folded as the result of the 
longitudinal component at the time of compression, but the incompetent 
beds would probably fold against the competent. Under such condi- 
tions the fault plane might not be deformed, and further displacements 
on the fault would break through to the surface along the old line. 

Although it is probable that the competent beds might not fold at 
the time of compression, yet it seems likely that when the block 
of competent rocks was pushed or forced against that of the incom- 
petent, the latter would yield by folding and be pushed out of place; 
then the competent block would be tilted or possibly sheared deep 
down and pushed in the direction of the incompetent beds. The fault, 


17 Harry Fielding Reid: The elastic-rebound theory of earthquakes, Univ. Calif. Publ., Dept. 
Geol., Bull. 6 (1911) p. 413. 
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which separated these two types of rocks, would then be bent toward 
the incompetent rocks and would have the appearance of a high- 
angle thrust. Here, as in the case of the folding, this bending of the 
fault plane could take place only in the upper part of the earth’s 
crust, and, if the fault should again break through to the surface, a 
wedge would be cut off from the competent block. 

Wedge-shaped sliver blocks might be formed with sedimentary 
rocks on either side of the fault when there is an unbalanced force. 
The fault plane would be tilted away from the direction of greatest 
force. This type of deformation, followed by later faulting, may 
account not only for many of the wedge-shaped blocks seen along 
primary faults but also for the fact that a fault will be found to be 
dipping in one direction at one place, whereas only a short distance 
away it will be dipping in the opposite direction. 


BROKEN FOLDS ALONG THE RIGGS CANYON FAULT 


General character of flerures—Along the Riggs Canyon fault, in 
the mapped area shown on Plate 88, there are three faulted flexures 
or folds, the faulting of which may be explained according to the 
first hypothetical example given above. These are sliver blocks which 
apparently have been formed first by the folding of the fault and the 
steeply dipping beds on either side. The writer’s interpretation is 
that the displacement of the fault from its original position as the 
result of the folding has been so great that, when movements again 
took place along the main, deep-seated fault zone, the new rupture 
no longer followed the old fault, as seen on the surface, but broke out 
in a new place, cutting the flexure and thus forming a sliver block. 


Windy Point flerwre—South of Windy Point the light-colored Cre- 
taceous shales and the Eocene sandstones are bowed to the north in 
a broad flexure. When he first studied this flexure, the writer was of 
the opinion that it was unbroken, but later work showed that it is 
cut by a fault on which there has been only a small horizontal dis- 
placement. The beds in the broken flexure stand vertically. It was 
also found that south of this there is a double unbroken flexure, in 
which in places the Eocene beds are overturned. 


Tassajero flecure—This structure, which is on the east side of Riggs 
Canyon and on the north side of the main Riggs Canyon fault, is, 
on the surface, an overturned syncline, the rocks of which are com- 
posed of upper Cretaceous shales and Eocene deposits that match 
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Ficure 4.—Block diagrams to show the different stages of folding 
and faulting of sediments bordering the Riggs Canyon fault 
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up in detail with the Cretaceous sequence found on the south side 
of the fault and to the west. The Eocene rocks in the flexure have 
been doubled back upon themselves (Pl. 88, sect. GH). The upper 
Cretaceous shales and the lower part of the Eocene series west of 
the flexure and on the south side of the fault are cut out against it 
before reaching the flexure. The Eocene deposits west of the flexure 
stand vertically, and in the area south of it they are overturned. 
The curved fault around the flexure is not easily seen in the field 
because it is in shale, and exposures are poor; therefore, its exact 
position is shown in part as uncertain. However, there can be no 
doubt that the fault exists, as shown by the fact that the older Cre- 
taceous deposits surrounding the area have different strikes than the 
light-colored Cretaceous shales that form part of the flexure; the 
former beds are cut off abruptly against the latter. 

There can be little doubt that the Tassajero flexure was formed in 
the same way as was the Windy Point flexure, only the folding in 
the former was much more intense, and the horizontal displacement 
of the faulted portion of the flexure has been much greater. 

We may think of the beds on the south side of the Riggs Canyon 
fault as having been first brought to a vertical or nearly vertical 
position, nearly parallel to the fault. This is illustrated in Figure 4a. 
After this stage in the folding had been reached there must have been 
a change so that the longitudinal component on the fault during the 
compression became more important, and a flexure was formed by the 
beds on the south side of the fault being folded back upon themselves, 
the result being the overturned syncline, as illustrated in Figure 4c. 
Following this, the fault ripped through to the surface along a new 
line (dotted line in Fig. 4c), and the flexure was offset nearly a mile 
from its old position as the result of later displacements along the 
fault. The block of Figure 4e shows the flexure as it exists today. 
If the broken flexure, as shown on Plate 88, could be moved about a 
mile toward the northwest along the fault which separates it from 
the deposits on the south side of the fault, it would then have the 
same position in relation to these beds as shown in Figure 4c. 


Cayetano anticline—This fold is near the southeast end of the 
mapped area; it opens against the Riggs Canyon fault and plunges 
toward the southwest. The formations on the surface that have been 
involved in the folding are of middle Miocene, upper Miocene, and 
Pliocene age. These beds, in the vicinity of the fault, are vertical 
or nearly so. The fault, against which the anticline opens, is bor- 
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dered on its north side by an elongate sliver block, on which a por- 
tion of the Pliocene and all the upper Miocene deposits are exposed; 
this sliver block is separated from the Cretaceous deposits on the 
north by another high-angle fault. The faulting of the Cayetano 
anticline and the formation of the sliver block to the east may be 
explained in much the same way as in the other two cases. 

Figure 4b shows an early stage in the folding of the deposits on 
the south side of the fault zone. Figure 4d shows a later stage of 
the folding. In both these cases it will be noted that an anticline 
and a syncline were forming against the fault and that the fault 
was being folded. Also, the younger beds come up against the fault 
along the axis of the syncline rather than on either side of it. This 
would result from there having been here a less amount of drag; the 
down-folding would counteract the vertical uplift produced by the 
drag. This, as will be seen, accounts for the Miocene deposits being 
cut out on the east side of the sliver block. Figure 4d shows the 
stage where the folding has reached its maximum, and the dotted line 
indicates where the fault broke through anew but without any hori- 
zontal displacement. Figure 4f shows the conditions at the present 
time. Here there is a horizontal displacement of close to a mile, 
which is about the same magnitude as that of the Tassajero flexure. 
The eastern end of the syncline of Figures 4b and 4d has been cut off 
by the fault and now forms part of a long sliver block. 

The writer has had occasion to map in detail several of the primary 
faults in the Coast Ranges. The Riggs Canyon fault zone is one of 
the simplest. Apparently, it has not broken through to the surface 
for a long time, new flexures are forming, which may grow until 
they are finally cut off. The zones of some of the most active faults 
are very complicated, and in some cases it would seem impossible 
to work out the different cycles of folding and faulting; in others, 
however, they may be worked out with a considerable degree of 
confidence. The last fault is always the straightest; if it is very 
recent it can be traced across the country in a straight line, but if 
it has not broken through to the surface recently its trace will be 
sinuous. As to those portions of a fault that are folded but not 
broken, it seems reasonable to infer that stresses are being stored 
along the deeper, unfolded portion of the fault plane and that when 
the strain has reached the breaking point the fault will again tear 
through to the surface; then the new surface trace will be a straight 
line. 
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PART III 


COALINGA AREA 
GENERAL STATEMENT 


In the paper “Tectonics of the Valle Grande” are two maps, on 
which is compiled the geology along the west side of the San Joaquin 
Valley. It is proposed now to discuss in greater detail certain portions 
of the northern of these two areas in order to bring out more clearly 
the evidence for the old age of faulting, for folding as the result 
of drag, for early tilting and uplift of blocks in the negative areas, 
and for fault-trough deposition. The geological map in the present 
paper (Pl. 89) has been compiled from all available sources and 
includes details of later work. The area covered has a north-south 
length of about 68 miles and a maximum width of about 40 miles. 
One of the sections discussed, that of Quinto Canyon, is north of this 


area. 

The following is a summary of the stratigraphic sequence of the 
folded deposits in the area under discussion. (Plate 90 shows the 
locations and names of the principal faults and blocks in Middle 
California.) 


Pleistocene 
Tulare—Paso Robles sands, clays, and conglomer- 
ates. 
Pliocene 
Etchegoin group, including San Joa- sandstones and shales; sand- 
quin clays above and Jacalitos forma- stones predominate. 
tion below. 
Reef Ridge shale 


Upper Miocene 
Santa Margarita formation, including sandstones and shaly tuff. 
McLure shale. 


continental deposits. 
sandstone; minor amount of 
shale. 
Oligocene 
“Leda zone”; usually included with tuff beds and shales. 
Kreyenhagen shales; locally known as 
Leda beds. 


Upper Eocene? 
Kreyenhagen shales—in part middle 
or lower Oligocene; possibly lower- 
most beds belong to middle Eocene. 
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Middle Miocene 
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1800 organic shales. 
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Middle Eocene 
Domengine sandstones north of 400- 800 sandstones. 
Coalinga. 
Avenal sandstones south of Coalinga. 900 sandstones. 
Capay formation north of Coalinga; 1000 mostly dark colored shales, 
inpart, Martinez (?) of Anderson and including Cantua sandstones 


Pack!® and Meganos of B. L. Clark. 
Cantua sandstones regarded as mem- 


ber of Capay formation. 
Cretaceous—undifferentiated on map. 
Moreno shales (upper).............. 2000 mostly organic shales. 
Panoche (middle and upper)........ 20000 mostly sandstone; some con- 
glomerate and dark colored 
shales. 
Knoxville (lower, in part upper thickness varies from several 
Jurassic) thousand feet to nothing. 
Franciscan series (Jurassic?)........... composed of partly meta- 


morphosed sediments, ser- 
pentines and other igneous 
rocks. 
SUMMARY OF STRATIGRAPHY OF LOCAL AREAS 
Area west of San Andreas fault——As will be noted from the map 
and cross-section (Pl. 89, sect. B-B’) there are some abrupt changes 
in the stratigraphic sequence from west to east across this area; these 
are best seen in the area west and northwest of Coalinga, and in 
nearly every case they take place in crossing a fault. Thus, on the 
King City block,® in the area west of the Salina’s fault, the Santa 
Margarita formation (upper Miocene) rests unconformably upon the 
granites. Overlying the Santa Margarita shales is the Paso Robles 
formation *° (continental Pliocene-Pleistocene) ; the Etchegoin (marine 
Pliocene) deposits are not found in that section. This condition of 
upper Miocene upon granite continues for considerable distance south 
of the area shown on Plate 89, and is found as far west as the King 
City fault, which forms the west side of the King City block. The 
deposits on the King City block dip at a comparatively low angle—10 
to 15 degrees—toward the west; the sediments have been tilted with 
the underlying granite on which they form a comparatively thin 
veneer. Immediately west of the King City fault several thousand 
feet of highly folded middle and lower Miocene sediments abruptly 


18 Robert Anderson and R. W. Pack: Geology and oil resources of the west border of the 
San Joaquin Valley north of Coalinga, California, U. 8. Geol. Surv., Bull. 603 (1915). 
2” Only a portion of this block is shown on Plate 89; see also Plate 90. 
2 The Paso Robles equals the Tulare of Plate 89 and of the generalized section. 
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make their appearance beneath the Santa Margarita. This relation- 
ship of Santa Margarita on granite is found for over 50 miles along 
the King City fault. The only reasonable way in which this can be 
explained is that the King City fault is pre-Santa Margarita in age. 

Between the Salinas and San Andreas faults there is a long, narrow, 
triangular area, the Peachtree block, on which Santa Margarita depos- 
its, mostly shales, are exposed. No younger or older deposits have 
been reported from the area covered by this map (Pl. 89). However, 
just north of the mapped area, and forming part of the unbroken Peach- 
tree block where the folding has been more intense, middle Miocene 
shales are exposed; from this it is judged that probably in this 
southern area also the Santa Margarita formation is underlain by the 
middle Miocene deposits. The absence of Paso Robles deposits from 
the Peachtree block and their presence on the adjoining blocks on 
either side is significant. It will be noted that this portion of the 
block is folded synclinally along most of its length, the syncline being 
nearly parallel to the fault on either side. All this shows conclusively 
that the faults are at least pre-Paso Robles in age. 

The conditions that existed in the area west of the San Andreas 
fault zone have already been discussed in considerable detail in a 
previous paper.” The following is a summary of the conclusions 
given in that paper, but with some modifications. The King City 
block during lower and middle Miocene times was part of a long north- 
south, irregular, insular mass, which was made up of a series of fault 
blocks, the rocks of which are composed of Basal Complex, including 
metamorphic sediments, granitic rock, and various types of igneous 
rocks, all older than the Franciscan series. The Gabilan block and 
the area as far west as, and including, the Toro Mountain ?? block 
formed the northern part of this Miocene island (Fig. 9b). 

The surrounding lower and middle Miocene seas may have lapped 
up onto this insular mass, but if any sediments were laid down on 
the King City block during these times they were mostly removed 
before the transgression of the upper Miocene sea, which transgression 
was the greatest of which we have any record for the Tertiary period 


2B. L. Clark: Tectonics of the Coast Ranges of Middle California, Geol. Soc. Am., Bull., 
vol. 41, no. 4 (1930) p. 789-810. 

2 The writer formerly thought that there was a channel between Toro Mountain and the 
Gabilan Mountains during the Miocene; this area was called the Salinas graben. The work 
of C. L. Herold, a graduate student in the Geology Department of the University of Cali- 
fornia, upon the Miocene marine sediments west of Toro Mountain appears to show that these 
sediments were derived in part from certain distinctive voleanic rocks which are known only 
in the northeast part of the Gabilan Mountain block. There are no records of marine Miocene 
or Pliocene sediments underneath the alluvium of the Salinas Valley. Thus, it would seem 
probable that the Salinas graben had a much later origin than was at first believed. 


‘ 
| 3 
i 


1052 B. L. CLARK—TECTONICS OF MOUNT DIABLO AND COALINGA AREAS 


of middle California. The Basal Complex of the southern portion of 
the island mass—i. e., the King City block—was covered by marine 
upper Miocene sediments of considerable thickness, overlying which are 
the Pliocene Paso Robles deposits (Fig. 9a). Most of the original King 
City block is composed of granitic rocks. This block has not been 
folded but was tilted toward the west. The many thousands of feet 
of lower Miocene, middle Miocene, upper Miocene, and Pliocene 
deposits west of this block, and separated from it by the King City 
fault, were intensely folded against it, the folding probably taking 
place contemporaneously with the tilting. 


Area east of San Andreas fault zone —East of the San Andreas fault 
zone is the area to which the writer in previous papers has referred 
as the Parkfield block or the Parkfield area. As here defined, it is 
bordered on the east by the Waltham Canyon fault zone to a point 
a little south of Curry Mountain (Pl. 89), where the boundary is 
offset toward the west to the contact between the Cretaceous and the 
Franciscan. Here the line between Cretaceous and Franciscan rocks 
was previously mapped as a normal contact, but later work has shown 
it to be a fault. The Parkfield area ends at the south end of the 
Table Mountain blocks, where the zones of faulting that bound the 
west and east sides of the block meet. 

The Parkfield area is broken by a series of faults which have been 
mapped as being discontinuous. It is the writer’s opinion that further 
study will show that they are much more continuous than they have 
been mapped. This has proved to be the case wherever the details 
have been carefully studied. As one crosses these faults he finds 
some sudden changes in geologic sequence. The areas between the 
faults are folded independently. On some of the narrower blocks the 
deposits are folded synclinally, the axis of the syncline being parallel 
to the bordering faults; on others the folds are somewhat oblique to 
the faults. 

The basement rock of the Parkfield area north of the North Table 
Mountain block is composed of Franciscan (Jurassic?) rocks. The 
oldest deposits on the Franciscan, excepting one or two small areas 
of Cretaceous sediments north of the North Table Mountain block 
and one small area west of Waltham Creek, are of Miocene age. 

The San Andreas fault zone in the area along the west side of the 
Parkfield area has a width of a mile to a mile and a half. Along this 
area one finds small blocks of Franciscan, Cretaceous, Miocene, and 
Pliocene rocks, which have been preserved in the fault zone. The 
presence in the fault zone of a large block, composed of Cretaceous 
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shale, is interpreted as evidence that the area on either side was 
formerly covered by these sediments, which have been stripped off as 
the result of later uplift. The long strip of Pleistocene (Paso Robles- 
Tulare) deposits in the zone suggests the probability that they were 
laid down in a narrow graben or structural valley. 

The Table Mountain blocks consist of an elongate, semi-elliptical 
area formed mostly of Franciscan rocks with a small block of Cre- 
taceous sediments faulted down between the north and south blocks. 
Upper Miocene deposits, flat or nearly so, and consisting mostly of 
shales, are found as irregular remnant patches on the North Table 
Mountain block. Between the Table Mountain blocks and the San 
Andreas fault zone is an area of Tertiary and Pleistocene sediments 
which is folded synclinally between the faults. 

There is much less faulting east of the Parkfield area. Here we 
find a great thickness of Cretaceous sediments overlain by several 
thousand feet of Cenozoic deposits, the maximum thickness of the 
Cretaceous and Cenozoic sediments being close to 40,000 feet. The 
area is broken by several northwest-southeast trending faults, nearly 
all of which disappear in the folding of the sediments before reaching 
the alluvium of the San Joaquin Valley floor. 

The outstanding structure in this area is a line of folding which 
includes the Coalinga anticline, the Kettleman Hills anticline, and 
the Lost Hills anticline. The Coalinga anticline has its beginning in 
the vicinity of the New Idria fault, which disappears in the folded 
Cretaceous sediments; the anticline plunges northeastward, apparently 
ending near the gap north of Guijarral Hills. 

The Kettleman Hills anticline consists of three domes. As shown 
on the map, the axes of the middle and south domes are slightly oblique 
to the general axis of the anticline. A good description of the geology 
of this area is found in a paper by Gester and Galloway.”* 

One of the best and most complete exposures of the Cretaceous 
series is on the Coalinga anticline and in the area immediately south- 
west of it. Here these deposits have a thickness of close to 20,000 feet. 
Very good exposures of the Cenozoic series are found on the nose of 
the anticline and along Reef Ridge in the area to the south. 


PROBLEMS AS TO CONDITIONS OF DEPOSITION 


The problem as to the conditions of deposition along the west side 
of the San Joaquin Valley is one over which there has been consider- 
able difference of opinion. The writer’s conclusion in his paper on the 


23 Clark Gester and John Galloway: Geology of the Kettleman Hills oil fields, California, 
Am. Assoc. Petr. Geol., Bull., vol. 17 (1933) p. 1161-1193. 
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Valle Grande ** was that it is a complex fault trough and that the 
folding in the area has been secondary to the faulting. R. E. Reed, in 
his book, “The Geology of California,” expresses the opinion that 
folding has been the more important factor. He shows a geological 
section across the Parkfield area with a reconstructed section above 
it to illustrate his concept of the conditions that existed before the 
major folding of the Pleistocene.** Judging from his sections, Reed ad- 
mits the old age of the San Andreas fault zone. He assumes in his recon- 
structions that after the deposition of the Cretaceous series a large 

anticlinal fold was formed 


= —zz— along the east side of the 
San Andreas fault zone, 
Tej Ke! that erosion cut off the top 
yee $8:-.| of this fold, and that along 


F 5.—Dia most of the Parkfield area 
IGURE 5.—Diagrammatic section showing the : 
original relationship of the Puocene and Miocene the Cretaceous sediments 


sediments to the Oret deposits of Curry were completely stripped 
Mountain on the east and to the Franciscan ° 
series on the west off, exposing the underly- 


ing Franciscan rocks; fol- 
lowing this, Miocene and Pliocene sediments were laid down on the 
Franciscan, after which the faulting took place. According to this 
theory one would have to postulate a series of irregular overlaps to 
account for the fact that in some places the middle Miocene deposits, 
in other places those of the upper Miocene, and in still others the 
Pliocene deposits, rest directly upon the Franciscan. 

It is difficult to see how, according to Reed’s concept, the former anti- 
clinally-folded Franciscan rocks could later have the anticlinal arch 
broken and then the different segments folded synclinally. This 
would be mechanically improbable, if not impossible. Whether Reed’s 
or the writer’s concept is the correct one depends on the evidence for 
the age of the faults in the area; are they older or younger than the 
sediments which they cut? 


EVIDENCE FOR OLD AGE OF FAULTING AND FOR FAULT-TROUGH DEPOSITION EAST 
OF SAN ANDREAS FAULT ZONE 

Waltham Canyon fault zone from Curry Mountain area to Priest 

Valley area.—In the Parkfield area are some very good places where 

it can be proven that the faulting is at least older than upper Mio- 


“BB. L. Clark: Tectonics of the Valle Grande of California, Am. Assoc. Petr. Geol., Bull., 
vol. 18, no. 3 (1929) p. 219-226. 
*R. D. Reed: Geology of California (1933) p. 55, fig. 10a and b. 
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cene.2° One of the best of these is along the west side of Curry 
Mountain which has been raised along the Waltham Canyon fault. 
The major part of Curry Mountain is composed of Cretaceous deposits 
which dip eastward at a high angle and are unconformably overlain 
by the Etchegoin formation (Pliocene). In some places the difference 
in dip between the two series is as much as 60 degrees. West of this, 
between Curry Mountain and. the North Table Mountain block, there 
is a graben in which several thousand feet of Etchegoin (Pliocene) 
deposits are preserved in a broad syncline with minor folding along 
the Waltham Canyon fault zone, and, as shown on the map, there is 
some faulting in the syncline. Along the west side of the graben, be- 
tween the easterly dipping Etchegoin beds and the Castle Mountain 
fault zone, the upper Miocene deposits are exposed as a narrow band. 
The base of the Etchegoin formation is not exposed along the east 
side of the graben (PI. 89, sect. C-C’). 

The presence of the upper Miocene deposits on the west side of the 
graben indicates that they were buried under those of the Etchegoin 
in the graben. A well on the east side of the graben is reported to 
have penetrated the upper Miocene shales. The absence of the Santa 
Margarita shales from the east side of the Waltham Cenyon fault, 
together with the structural unconformity between the Etchegoin and 
the Cretaceous deposits in that area, shows conclusively that the fault 
zone was in existence in pre-Etchegoin time. As will be shown later, 
the unconformity is undoubtedly the result of the tilting of the Creta- 
ceous block on the east side of the Waltham Canyon fault, and there 
is fairly good evidence that this tilting on the fault was initiated in pre- 
middle Eocene time. The diagrammatic section (Fig. 5) shows the 
relationship that must have existed at the close of the Etchegoin time. 
The section (PI. 89, sect. C-C’) shows the way in which the deposits were 
folded as the result of drag at the time of the Pleistocene compression. 

A good exposure of one of the faults of the Waltham Canyon fault 
zone is found a little east of the Alealde Canyon road. This was 
pointed out to the writer by Dr. Mason Hill; here the dip of the 
plane is between 60 and 70 degrees to the east. 

On the map of Pack and English,?? the Waltham Canyon fault is 
shown as discontinuous. According to their mapping there is a strip 


The writer has gone into the details of the Waltham Canyon fault zone because it is one 
of the faults which Reed, in his book on the geology of California, says is certainly not 
continuous. Detailed work by the writer has shown that it is continuous to where it disappears 
under the Pliocene deposits, several miles south of Curry Mountain. 

7 R. W. Pack and Walter English: Geology and oil prospects in Waltham, Priest, Bitterwater, 
and Peachtree valleys, California, U. 8. Geol. Surv., Bull. 581 (1914) pl. 1. 
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several miles long in the vicinity of Fresno Springs Canyon, where 
the Etchegoin deposits rest upon those of the Cretaceous along a normal 
contact; another strip a few miles north of this, in the vicinity of 
Gravelly Flats, is shown with the same relationship. Their map shows 
the fault as being well developed along the northeast side of Priest 
Valley with Miocene sliver blocks between the Etchegoin and the 
Cretaceous beds. 

A detailed study by L. A. Woodworth and the writer, of the two 
areas where normal contacts had been indicated, shows conclusively 
that the fault zone is continuous across these areas. In the area of 
Fresno Springs Canyon there is a series of complicated sliver blocks. 
The southernmost fault forms a contact between Etchegoin and Creta- 
ceous deposits, with a dip of about 30 degrees toward the southwest. 
At first sight, because of the low dip of the contact and the way it cuts 
across the canyon, it has the appearance of being an unconformity, as 
mapped by Pack and English. The evidence that this contact is a fault 
is well shown on the canyon wall and in the next canyon to the south. 
The Cretaceous beds, as exposed on the east side of the Fresno Springs 
canyon, have a northeast dip with a northwest strike. Just before 
reaching the fault the beds exposed in the canyon dip southwest; this 
reversal of dip immediately at the fault is undoubtedly the result of 
drag. The strike of the Etchegoin beds is a little more toward the 
northwest than the fault, and, as seen on the canyon wall, they are 
cut off against the fault. East of the low-angle, westerly dipping fault, 
to which reference has just been made, is a large sliver block composed 
of Cretaceous and Etchegoin (Pliocene) deposits. The Cretaceous beds, 
as seen on the west side of this block, dip eastward at an angle of about 
35 degrees. Unconformably overlying these beds are more than 100 feet 
of Etchegoin sediments, which are folded into an open assymmetrical 
syncline. On the east side of the block the Etchegoin beds are in fault 
contact with dark colored Cretaceous shales. This fault-contact is very 
well exposed at an elevation of about 2400 feet on the south side of 
the 2,748-foot hill where the Etchegoin beds stand vertically (Fig. 6). 

West of, and joining, the block just described and on the west side 
of Fresno Springs Canyon is a small sliver block, the strike of whose 
beds is toward the northeast, almost at right angles to the strike of 
the Etchegoin deposits on the south, and of the Cretaceous deposits 
on the north. The beds of this small sliver block are composed almost 
entirely of poorly sorted conglomerates, which may be classed as a 
typical fanglomerate. Near the north end of this block the Etchegoin 
deposits are overturned against the fault. About half a mile north 
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of this point is the beginning of another fairly large sliver block of 
Etchegoin sediments, the beds of which dip toward the southwest at 
an angle of about 40 degrees, whereas the same deposits on the south 
side of the south-bounding fault are overturned against it. The Creta- 
ceous deposits east of this sliver block are cut off at the fault with a 
strike that is almost at right angles to it. These beds belong to a 
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Figur 6.—Detailed section across the Pliocene and Cretaceous deposits 
near the mouth of Fresno Hot Springs Canyon 


large sliver block that has been formed from the Cretaceous series. 
The fault, which bounds the east side of this block, is well exposed on 
a spur that is a little over half a mile west of the 2545-foot hill; it is 
also exposed on the spurs west of the Fresno Springs road and south- 
east of the same hill. This fault joins the one that forms the east 
side of the Cretaceous-Etchegoin sliver block, which is east and near 
the mouth of the Fresno Springs canyon. 

For almost the entire distance from the 2545-foot hill to Priest Valley 
the Etchegoin deposits are overturned against the fault. On the geo- 
logical map, to which reference has already been made, Pack and 
English show two sliver blocks along the Waltham Canyon fault zone 
southwest of Center Peak and northeast of Priest Valley. Their 
map indicates a narrow block of “Vaqueros” deposits (equal Tem- 
blor of this paper) on the east side of which is one composed of 
Santa Margarita sediments. A study of this section by Woodworth 
and the writer shows that their mapping here is in part incorrect. 
There is a long narrow sliver block of vertical Temblor deposits, 
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against which on the south the Etchegoin (Pliocene) beds are over- 
turned with a dip of about 60 degrees to the north. As seen in © 
the creek bed that cuts across the southeast quarter of section 11, the 
Temblor deposits rest upon Franciscan serpentines. This wedge of 
serpentine is narrow and does not extend very far; the Temblor beds 
appear to be resting unconformably upon it. On its north side there 
is a strip of Knoxville shales, more than 100 feet wide. North of it is 
another sliver block of serpentine, which can be traced for a distance 
of nearly two miles; it is much wider than the other serpentine block, 
being widest near its northwest end. Still farther north the Knoxville 
shales dip northeastward (Pl. 89, sect. A-A’). 

The presence of the Miocene sliver block in this area is good evidence 
that the Etchegoin deposits to the west are underlain by Miocene 
sediments, which, in turn, judging from the relationships of the Mio- 
cene deposits to the serpentine on the sliver blocks, rest unconformably 
upon the Franciscan series. Only a short distance north of Center 
Peak, the highest point east of Priest Valley, the Etchegoin deposits 
rest with a marked structural unconformity upon the Cretaceous, a 
condition similar to that found on the east side of Curry Mountain. 
These relationships are proof of the old age of the fault. 

In applying the theory as to the origin of sliver blocks, discussed in 
Part II, to the four blocks in the vicinity of Fresno Springs Canyon, 
it would appear that all but one of them were derived from the deposits 
on the east side of the fault zone. Apparently the Etchegoin block west 
of the 2545-foot hill, and on the west side of Fresno Springs Canyon, 
was derived from the sediments of the graben area west of the fault. 
The slivers of Temblor and Franciscan in Priest Valley were derived 
from the graben area, and those composed of Knoxville sediments 
came from the eastern block. It will be noted from the map (PI. 91) 
that the trace of the fault in the vicinity of Gravelly Flats includes 
two fairly well marked sinuosities. In applying the theory here, one 
can predict that if further movement should take place along the fault 
zone, the sinuosities would be cut off and new sliver blocks would be 
formed. 


Pliocene fault trough west of Waltham Canyon fault zone—A 
significant feature in connection with the Waltham Canyon fault zone 
is the great thickness of Pliocene sediments in the syncline west of it. 
Here this series locally has a thickness of more than 5000 feet, whereas 
on the east side of the fault zone only remnant patches of these beds 
are found where they rest with a marked structural unconformity upon 
the Cretaceous deposits. There are three hypotheses that might be 
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considered in explanation of this: (1) that originally there was as 
great a thickness east of the fault zone as there is on the west, and 
that the faulting took place after the Pliocene deposits were laid down; 
(2) that the great thickness of the Pliocene deposits west of the fault 
zone were laid down in a synclinal sag, which was bordered along the 
east side by an anticline; (3) that the Waltham Canyon fault was in 
existence during the Pliocene epoch and that the deposits were laid 
down in a graben. 

The first hypothesis agrees with Reed’s concept, as outlined on page 
1054. The amount of erosion on the block on the east under such 
conditions would be enormous. In light of the evidence of the old 
age of the Waltham Canyon fault zone, cited above, this hypothesis 
is untenable. 

The second hypothesis must likewise be discarded; first, because the 
area on the east, which has been stripped of all the older Tertiary de- 
posits as well as most of those of the Pliocene, is much broader than any 
possible anticlinal uplift could have produced; second, because there 
is no anticline along the east side of the Waltham Canyon fault such 
as one should expect to find if the folding preceded the faulting; and, 
third, because of the evidence of the old age of the faulting cited above. 

The third hypothesis—that is, that the Pliocene deposits were laid 
down in a graben—is the one which the writer accepts. This fits in 
with the evidence for the old age of the faulting, and accounts for the 
great thickness of coarse clastic deposits of that area. East of this. 
graben was the great block of Cretaceous sediments tilted toward the 
southeast, the result of which tilting was the formation of the old 
Tertiary embayment. The evidence for the tilting of this block and 
for this embayment is discussed further on in the paper. 

The Pliocene sea covered this tilted block at least part of that time, 
but it is not necessary to believe that any great thickness of these 
deposits was ever laid down in that area. Not all the block was covered 
at the same time; this is shown by the fact that an invertebrate fauna 
obtained from the base of the Etchegoin in the southern part of the 
area east of Curry Mountain is referable to the lower Pliocene, known 
as the Jacalitos, whereas that obtained from the lower beds in the 
northern part of the area, the White Creek syncline, belongs to the 
upper Pliocene, referred by Arnold to the Glycimeris coalingensis tone. 
In this latter area the thickness of these sediments is only a little over 
1000 feet. Only a short distance toward the west in Priest Valley, 
which is part of the graben area, these deposits include beds of both 
lower and upper Pliocene age and have a thickness of more than 5000 
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feet. Underlying these deposits are beds of middle Miocene age, which 
in turn apparently rest upon the Franciscan series, the Cretaceous beds 
being abruptly cut off at the Waltham Canyon fault zone. 


Table Mountain blocks —These blocks occupy a long, narrow, irregu- 
lar area and are composed mostly of rocks of Franciscan age. The 
North Table Mountain block, as here defined, is separated from the 
South Table Mountain block by a narrow strip of Cretaceous shales 
that has been faulted down into the Franciscan series. A large pro- 
portion of the Franciscan rocks are made up of serpentine. Walter 
English, in his paper on the geology of the Parkfield area,?* described, 
and showed in his section across the area, the serpentines as having 
been intruded into the Cretaceous. After studying this locality, the 
writer is convinced that the serpentines do not represent a former 
igneous intrusion but that the Cretaceous beds have been faulted down 
into the Franciscan. This is borne out by the fact that the contact 
between the Cretaceous shales and the serpentines, as seen along the 
southwest side of the area, is a fairly straight line and that there is 
no metamorphism of the shales along the contact. There are some 
localities southwest of this area where the serpentines have the appear- 
ance of having been intruded into the Cretaceous; here also there is 
no evidence of metamorphism, and it is judged that the Cretaceous 
beds have been faulted down into the serpentines or, what is more 
probable for at least portions of the area, that the serpentines have 
been forced up into the Cretaceous deposits along fault planes in 
much the same way that sandstone dikes and sills are formed. 

The Cretaceous deposits, which border the Table Mountain blocks, 
are everywhere in fault contact with the Franciscan rocks. As will 
be noted from the map, the South Table Mountain block is broken by 
a fault which trends approximately east and west. On the south side 
of this fault there is a narrow remnant strip of Cretaceous which ap- 
parently rests unconformably upon the Franciscan. From this rela- 
tionship and the fact that the Cretaceous sediments around the blocks 
are largely composed of shale we may conclude that the Franciscan 
rocks were not exposed during the deposition of the Cretaceous sedi- 
ments. The lack of distinctive Franciscan rocks in the conglomerates 
of the Cretaceous section to the east bears out this conclusion. In gen- 
eral the Cretaceous deposits surrounding the Table Mountain blocks 
dip away from the Franciscan, and in many places they are over- 
turned at the bounding fault. As will be shown later, there is good 


23 W. A. English: Geology and oil prospects of the Salinas Valley-Parkfield area, California, 
U. 8. Geol. Surv., Bull. 691 (1919) p. 219-250. 
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evidence that there was very little folding in the area between the 
Castle Mountain fault and the Table Mountain blocks before the end 
of Etchegoin (Pliocene) time. However, there is good evidence that 
the Franciscan rocks of the North Table Mountain block had been 
exposed before upper Miocene time, as shown by remnant patches of 
upper Miocene shale, which rest in a nearly horizontal position upon 
the Franciscan. The fact that middle Miocene conglomerates east of 
Table Mountain contain Franciscan pebbles in abundance proves that 
the Franciscan of this area was exposed during that period of deposi- 
tion. There is no evidence of early anticlinal folding in the Franciscan 
rocks of the Table Mountain blocks, nor is there any evidence of early 
folding in the surrounding sediments. Thus, we are forced to conclude 
that the original uplift, which brought about the exposure of the 
Franciscan rocks, must have been that of block-faulting, which existed 
at least as early as middle Miocene time. 


Area west of Table Mountain blocks ——Between the Table Mountain 
blocks and the San Andreas fault zone there is an area of Tertiary 
deposits. Only a portion of the geology of this area has been available 
to the writer. South of the North Table Mountain block the Etchegoin 
(Pliocene) and Tulare (Pleistocene) deposits are folded into a syncline 
against the zone of faulting that borders the southwest side of the 
block. The Temblor and middle Miocene deposits are exposed on the 
west side of the syncline below the Etchegoin sediments and also along 
the northeast side. Along a large part of the east side of the syncline 
Miocene deposits are lacking; here the Etchegoin deposits are separated 
from the Franciscan by a sliver block of Cretaceous sediments in the 
fault zone. This syncline may be taken as a very good example of 
folding by drag, which resulted from the vertical movements of the 
blocks along the faults on either side at the time of compression. 
Here, Miocene sediments undoubtedly underlie those of the Etchegoin 
on both sides of the syncline. The absence of the former deposits from 
a large part of the east side of the syncline was due to there not having 
been enough drag to bring them to the surface. It seems very probable 
that the faults on the east and west sides of the syncline were the 
boundaries of the original basin of deposition during middle Miocene 
and Pliocene times. Thus, the area was a graben or trough of 
deposition between the Table Mountain blocks and the granites west 
of the San Andreas fault. However, during the time that the Santa 
Margarita (upper Miocene) deposits were being laid down, the posi- 
tive blocks on either side of the area were covered at least in part; 
later erosion has removed most of these deposits from the Table Moun- 
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tain blocks, excepting on the north block, the remnant patch to which 
reference has already been made. The presence of the Temblor (middle 
Miocene) sediments in the syncline on the east side of the San Andreas 
fault zone, while the Santa Margarita (upper Miocene) beds rest un- 
conformably upon the granites just west of the fault zone, shows con- 
clusively that the San Andreas fault antedated upper Miocene time. 
The same conclusion applies to the fault on the east side of the syn- 
cline, though here the evidence is not so obvious. 

The old age of the general zone faulting along the east side of the 
syncline, just discussed, is best demonstrated in the mapped area south 
and west of Table Mountain. This is just south of the main south- 
eastern portion of the South Table Mountain block, where the Creta- 
ceous deposits rest unconformably on the Franciscan series. Here is 
a syncline that opens up to the west against a zone of faulting, which 
is in line with and probably joins the zone along the east side of the 
syncline described in the preceding paragraphs. The sequence at the 
south end of the syncline is about 1000 feet of middle Eocene deposits, 
which are unconformable upon the Cretaceous series, whereas on the 
south side of the fault and to the west the sequence is middle Miocene 
upon Cretaceous. This sudden change, found in going across the fault, 
can be explained only by assuming the pre-Miocene age of the faulting. 


Area north of Table Mountain blocks.—The small areas of Creta- 
ceous just north of the North Table Mountain block, in close proximity 
to the place where the Temblor rests unconformably upon the Francis- 
can, indicate the early age of the faulting in that vicinity; also it will 
be noted that in this area just north of the North Table Mountain 
block, Temblor deposits are present, whereas they are absent from 
the block immediately north of that. Farther northwest there are 
some very abrupt changes in the sequence; in all cases these are closely 
associated with faulting. Thus, near the head of Lewis River the 
lowest deposits exposed above the Franciscan series belong to the 
Temblor horizon; these are overlain by the Santa Margarita shales. 
Immediately east of the last mentioned area and separated from it 
by a fault is an area where the Etchegoin deposits rest directly upon 
the Franciscan. West of the former area and separated from it by 
a strip of Franciscan is a long strip of Tulare (Pleistocene) deposits, 
already mentioned, bounded on both sides by faults; it has already 
been pointed out that these deposits are absent from the Peachtree 
block on the west. 

The only way in which this patchwork-like distribution of forma- 
tions, with their abrupt changes in sequence, can be satisfactorily ex- 
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plained is that the sediments were laid down on an irregular, faulted 
surface in the first place. Certain blocks were raised and stripped, — 
later to be lowered into the zone of deposition. Adjustments must have 
been taking place throughout Cenozoic time, very possibly in some 
cases while deposition was going on. 


Tilting of Cretaceous block east of Waltham Canyon fault zone.— 
East of the Waltham Canyon fault zone in the section east of Priest 
Valley is a block on which are exposed over 20,000 feet of Cretaceous 
deposits above the Knoxville shales. The base of this is exposed on 
the ridge north of Priest Valley; here the basal beds of the series are 
composed of heavy conglomerates. (The conglomerates of the Creta- 
ceous are discussed in detail a little later.) These conglomerates over- 
lie a series of fine, soft, dark-colored shales, which are about 2500 feet 
thick, contain Aucellas, and belong to the lower Knoxville (upper 
Jurassic). The base of these shales is not exposed; they may be traced 
southeastward to a point about opposite Fresno Hot Springs, where 
they are cut out against the fault; south of that place the overlying 
conglomerates and sandstones, which form the top of the high ridge 
on which is Center Peak, come up against the fault, and in going south- 
ward from here higher and higher beds cut into the fault. Thus, where 
the Fresno Hot Springs Canyon crosses the Waltham Canyon fault 
zone more than 6000 feet of beds, which are represented in the Priest 
Valley section, have been cut out at the fault. Farther southeast at 
Curry Mountain still higher beds are next to the fault; here more than 
10,000 feet of the section is missing, the beds of which are represented 
in the section a few miles to the north. The only way in which this 
cutting out of the deposits in going from north to south can be ac- 
counted for, is by assuming an uplift of the lower Knoxville and Cre- 
taceous deposits as a block along the Waltham Canyon fault, the 
greatest uplift being to the north, the block being tilted at the same 
time toward the southeast. 

The first uplift and tilting apparently took place in pre-middle 
Eocene time; the evidence for this will be pointed out later under the 
heading “Old Tertiary embayment southwest of Coalinga.” The 
picture that the writer gets of the conditions that existed along the 
Waltham Canyon fault at the end of Cretaceous time is that most of 
these deposits, which are now exposed, were buried on the east side 
of the fault and were cut off against the Franciscan, which bordered 
the west side of the old trough of deposition. During Cretaceous time 
the blocks west of the Waltham Canyon fault were inundated at least 
part of the time, and sediments were laid down on them, but these 
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deposits probably formed only a thin veneer as compared to the thick- 
ness in the area east of the fault. The sediments west of the fault had 
been mostly removed before the beginning of Miocene time, as shown 
by the fact that Miocene beds rest unconformably on the Franciscan 
over the greater portion of the Parkfield area. The sliver block with 
Miocene deposits on the Franciscan, found on the northeast side of 
Priest Valley, is good evidence that this condition existed in that 
portion of the area up to the Waltham Canyon fault. 

Some time after the close of the Cretaceous period, probably in the 
Paleocene or lower Eocene times, the Cretaceous deposits east of the 
Waltham Canyon fault were uplifted as a block and tilted toward the 
east and southeast, forming the old Tertiary embayment east and 
southeast of Curry Mountain, to be discussed later. The northern 
end of this tilted block was raised several thousand feet so that the 
upper portion of the Knoxville (Jurassic) deposits were exposed. 
Toward the south in the vicinity of Curry Mountain these deposits, 
as well as several thousand feet of Cretaceous sediments, are still 
buried in the old trough. 


Old Tertiary embayment southwest of Coalinga.—As will be noted 
from the map (PI. 89) the Eocene and Oligocene deposits, which include 
the Domengine formation and the Kreyenhagen shales, are cut off by 
overlap by the Temblor sandstones near the north end of Reed Ridge. 
The Santa Margarita shales, which overlie the Temblor sandstones, can 
be traced fairly continuously to the area north of the North Table 
Mountain block; however, these shales, as well as the Temblor (middle 
Miocene) and Eocene deposits, are cut out by overlapping Etchegoin 
(Pliocene) sediments in the area east of Curry Mountain. The begin- 
ning of this overlap is seen in the area northwest of Coalinga and south 
of Oil City. The present distribution of the Eocene and middle Miocene 
deposits in the area southeast of Curry Mountain is that of a large 
embayment, in which all the older Tertiary deposits are buried beneath 
those of the overlapping Etchegoin. The exact northern limit of these 
older Tertiary sediments under the cover of Etchegoin deposits is not 
known and can be ascertained only by drilling. 

The contact between the Etchegoin (Pliocene) and the Cretaceous 
in the area just north of Alcalde Canyon and east of the Waltham 
Canyon fault reaches an elevation of more than 2000 feet. About nine 
miles southeast of this, in the area just north of Jacalitos Creek, the 
contact between the Eocene and the Cretaceous, as shown by well-logs, 
is more than 5000 feet below the present surface. This difference in 
elevation of the old Cretaceous surface, in going from north to south, 
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was the result of the tilting of the Cretaceous deposits east of the 
Waltham Canyon fault, and has been discussed under the heading of 
“Tilting of Cretaceous block east of Waltham Canyon fault zone.” 
Section D-D’ of Plate 89 shows a north-south semi-diagrammatic sec- 
tion across this embayment. Section C-C’ of the same plate is an 
east-west section across the area north of Alcalde Creek and through 
Curry Mountain. This section is just north of the old embayment 
and shows the Etchegoin deposits unconformable on those of the Cre- 
taceous. Section B-B’ of Plate 89 is a section across the tilted block 
a few miles farther north.2® The structural unconformity between the 
Etchegoin and the Cretaceous in the area east of the Waltham Canyon 
fault was the result of the uplift and tilting of the Cretaceous block on 
the east side of the Waltham Canyon fault. If older deposits formerly 
covered this area they were entirely removed by erosion by the begin- 
ning of lower Pliocene time. 

It seems very probable that the tilting of this block began before 
the deposition of the Domengine (middle Eocene) deposits, and it is 
also probable that the Eocene sea did not cover the larger part of the 
area. The evidence for this is the shoreline character of the Domengine 
deposits as found in the vicinity of Coalinga. This conclusion also 
applies to the Temblor (middle Miocene) and to the Santa Margarita 
(upper Miocene) deposits, inasmuch as most of these sediments are 
of the shoreline type. That the Cretaceous block was tilted consider- 
ably between Santa Margarita and Etchegoin times is shown by the 
structural unconformity between the latter deposits and those of the 
Santa Margarita in the area northwest of Coalinga in the vicinity of 
the San Joaquin coal mines. 

The fact that the Temblor deposits cut out by overlap those of the 
Domengine and Kreyenhagen near the north end of Reef Ridge makes 
it probable that these sediments did not extend into the area to the 
north at that time. The Temblor sea covered at least part of the 
area between the San Andreas and the Waltham Canyon fault 
zones—i.e., the Parkfield area. At that time there was an island 
separating the western Parkfield area of deposition from that to the 
east in the vicinity of Coalinga (Fig. 9b). Very much the same rela- 
tionship existed during the upper Miocene epoch (as illustrated on 
Fig. 9a) except that at that time the King City block to the west was 
covered. Most of this island was covered during Etchegoin (Pliocene) 

In the paper, Tectonics of the Valle Grande of California [Am. Assoc. Petr. Geol., Bull., 
vol. 13, no. 3 (1929) p. 221], the writer accounted for the origin of this basin by postulating 


a pre-Tertiary, east-west, buried fault which was referred to as the Alcalde fault. Later work 
has shown that there is no good evidence for such a fault. 
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time, as is shown by the overlap on the Cretaceous in the area east of 
the Waltham Canyon fault zone. The last uplift and tilting of this 
area took place at the time of the Pleistocene revolution. 


Other important structural features in the area southwest of Coal- 
inga.—The Waltham Canyon fault zone disappears in the folded 
Etchegoin deposits of the embayment just discussed. In this area 
southwest of Coalinga are found some very good examples of early 
faulting and fault-trough deposition. Some of the principal physio- 
graphic and structural features of the area are: (1) Reef Ridge, (2) the 
Castle Mountain and Avenal fault zones, and (3) the Avenal syncline. 

The most prominent physiographic feature west of the Kettleman 
plains is Reef Ridge. It is formed of the older Tertiary deposits, 
which dip steeply northeastward, and has a length of about twenty 
miles (Pl. 89, sect. E-E’). The total thickness of the Cenozoic, as 
exposed along Reef Ridge and in the area immediately to the east, is 
about 15,000 feet. Between the base of the Eocene deposits of the 
Reef Ridge section and the Castle Mountain fault there are exposed 
at least 6000 feet of Cretaceous sediments. 

In the vicinity of Big Tar Canyon, near the southern end of Reef 
Ridge, there is a marked structural unconformity between Cretaceous 
and Eocene deposits; here the former beds have been overturned as 
much as 10 degrees from the vertical, while the latter have a dip toward 
the east of about 60 degrees. 

The Castle Mountain fault branches off from the fault zone, which 
is along the east side of the North Table Mountain block. Near the 
northern end of the fault zone is an elongate wedge of Franciscan 
rocks and for a considerable distance southeast of this is a narrow 
strip of serpentine rocks.*° Still farther southeast the fault zone ends 
in the folded Miocene sediments. Branching off from the Castle Moun- 
tain fault is the Avenal fault, which forms the eastern boundary of 
what is here referred to as the South Table Mountain block. This 
fault disappears in the folded Cretaceous sediments to the south. 

The Avenal syncline is cut off abruptly at its northwestern end at 
the Avenal fault and plunges toward the southeast, disappearing in 
the alluvium of McClure Valley. The Pyramid Hill anticline, which 
is on the southeast side of the Avenal syncline, is cut off obliquely 
against the Castle Mountain fault. 

Throughout most of this area south of the Castle Mountain fault 
and east of the Avenal fault the upper Miocene deposits rest directly 


*® R. D. Reed has suggested that this tongue of serpentine was injected as a cold mass in 
much the way that sandstone dikes are formed. 
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upon those of the Cretaceous, and there is no appreciable difference 
in dip and strike between the two series. As shown on the map, there 
is one small strip of Domengine (Eocene) deposits between the upper 
Miocene beds and those of the Cretaceous. This, as will be shown 
later, gives us a clue to the relationship that this area south of the 
Castle Mountain fault had to that on the north. 

The fact that the upper Miocene shales are practically conformable 
with the underlying Cretaceous deposits in the Avenal syncline shows 
that the latter deposits were 
flat or nearly so at the time A. 
of deposition of the shales. iii 
The Castle Mountain fault 
was undoubtedly in exist- 
ence before the deposition 
of these shales, as is shown 
by the sudden cutting out 
of the Eocene and middle 
Miocene deposits at the B. 
fault, whereas the Santa 
Margarita shales go across 
the fault without a break. 
The relationship that must 
have existed just before the 
Santa Margarita sea 
covered the area west of of th om 
the Castle Mountain fault Pleistocene folding 
is shown in Figure 7a, 
while Figure 7b shows the condition after the deposition of Santa 
Margarita and Etchegoin deposits. Section E-E’ of Plate 89 shows 
the present section. 

Thus, at the time of the deposition of the Santa Margarita shales 
all the older Tertiary deposits on the north side of the Castle Mountain 
fault must have been dropped down against the fault. On one side of it 
the Santa Margarita beds rested upon the Temblor, beneath which were 
more than 2000 feet of Eocene sediments; on the other side the Santa 
Margarita beds rested directly upon beds of Cretaceous age. 

It is not necessary to assume that the shorelines of the older Tertiary 
seas were along the Castle Mountain fault; there is good evidence that 
at least during part of Eocene time the area west of the fault was 
covered, as indicated by the small strip of Domengine (Eocene) sedi- 
ments along the north side of the Avenal syncline, between the upper 
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Miocene deposits and those of the Cretaceous. This is only a small 
erosional remnant of Eocene sediments, which undoubtedly covered 
the entire area. The presence of Domengine (middle Eocene) deposits 
in the syncline on the west side of the South Table Mountain block 
gives evidence that the Domengine sea spread as far west as the 
San Andreas fault. The fact that the Kreyenhagen beds on the north 
side of the Castle Mountain fault are composed almost entirely of 
shale, much of which is organic in character, seems to indicate that 
they were deposited in deep or quiet waters and probably at a con- 
siderable distance from shore, and that the shoreline was probably 
a fairly long distance west of the Castle Mountain fault. 

The Temblor (middle Miocene) beds are of a coarser type than those 
of the Kreyenhagen and may be classed as shallow-water deposits; 
here it would be much easier to believe that the shoreline bordered 
the fault. At any rate, there can be very little doubt that the area 
south of the Castle Mountain fault was covered by Domengine deposits 
and also very probably by Kreyenhagen deposits, and that later most 
of these were removed by erosion before upper Miocene time. It is 
possible, however, that the area stood relatively high during Tertiary 
time; if so, it is likely that there never was as great a thickness of 
the older sediments in the southern area as in the northern. 

The only way in which these deposits could be removed, while the 
corresponding beds only a short distance north of and on the other side 
of the Castle Mountain fault were preserved in their entirety, would 
be by the uplift of the area south of and along the fault. This uplift 
must have taken in the area as far west as and including the Table 
Mountain blocks. The fact that Miocene and Cretaceous deposits 
have about the same dip in the Avenal syncline shows that after the 
uplift was completed the Cretaceous deposits were still horizontal. 

The folding that brought the Tertiary deposits of the Reef Ridge 
section to the surface took place along the Castle Mountain fault after 
the deposition of the Etchegoin; this was the result of drag produced 
by the vertical movements of the block on the south side of the fault 
(Sect. E-E’ of Pl. 89). The sediments on the east side of the fault 
were dragged up while those on the west side were probably dragged 
down. The sediments along the south side of the syncline were dragged 
up along the Avenal fault, the syncline being the result of the com- 
pression between the two faults. 

That the Avenal fault existed before the formation of the syncline 
is shown by the fact that the syncline is cut off abruptly at the fault, 
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the youngest beds in the syncline going up to it. This is what we 
might expect if the syncline was formed against the fault. 

During the summer of 1928 the writer had occasion to study in detail 
for oil possibilities the area south of Coalinga between Alcalde and 
Canoas creeks. The map of Arnold and Anderson,* published in 
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Figure 8.—Map of structures along the Kreyenhagen Hills fault 


1910, showed an unbroken anticline along the crest of the Kreyenhagen 
Hills; this was their Jacalitos anticline. The map of Pack and Eng- 
lish *? showed the Waltham Canyon fault disappearing into an anti- 
cline a little southeast of Curry Mountain. 

The Jacalitos anticline, as originally mapped, has the appearance 
of a perfect structure for oil, but several wells have been unsuccessfully 
drilled into it. The persons who sent the writer into the area re- 
quested that he find out why oil was not obtained on that structure. 
The writer’s report was that the so-called Jacalitos anticline in reality 
is not a simple anticline, but a high-angle reverse fault with folding 
along it. Figure 8 is a diagrammatic map showing the structures that 


$1 Ralph Arnold and Robert Anderson: Geology and oil resources of the Coalinga district, 
California, U. 8. Geol. Surv., Bull. 398 (1910). 

%2R. W. Pack and W. A. English: Geology and oil prospects in Waltham, Priest, Bitterwater, 
and Peachtree valleys, California, U. 8. Geol. Surv., Bull. 581 (1914) pl. 5. 
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are found along this fault. As will be noted, the beds on the west side 
have been pulled down against the fault, whereas those on the east 
side have been turned up, thus indicating that the former beds were 
on the uplifted side and the latter were on the downthrown side. After 
completing the work, it was found that this fault had already been 
recognized by several other oil geologists. This, however, is the first 
published description of it. The fault was traced for about a mile 
north of Alcalde Canyon; it probably continues in the Cretaceous 
deposits still farther northward. 

There is very little throw on the Kreyenhagen Hills fault, the maxi- 
mum being about 200 feet; in some places there seemed to be no throw 
at all. It was also found that the displacement near the south end 
is on the west side of the fault, whereas farther north in the area 
between Alcalde and Jacalitos creeks it is on the east side. Undoubt- 
edly the reason the fault was not discovered earlier was that there 
is so little displacement along it; the beds on either side match up 
very closely. 

As will be noted from the map, there is a fold along the west side; 
this was produced by the dragging down of the beds against the fault 
at the time of the uplift. In places it was found that the beds had 
been dragged down along the fault on the west side so that they were 
vertical and in places overturned, while on the east side the beds had 
been dragged up to a nearly vertical position. The larger part of the 
displacement along the fault has been taken up in the folding. 

The study of the anticline in the Etchegoin deposits, as mapped by 
Pack and English to the southeast of Curry Mountain, showed that 
it is a structure similar to that along the Kreyenhagen Hills fault. 
The Waltham Canyon fault extends the entire length of the fold; the 
fault and the fold, which is on one side of the fault, disappear in the 
Jacalitos syncline a few miles east and a little north of the point where 
the Kreyenhagen Hills fault disappears. Here again there is very 
little displacement on the fault; near the south end there is practically 
none. The fault is well exposed in the cliff section along Jacalitos 
Creek. 

The evidence has already been given for the pre-upper Miocene age 
of the Waltham Canyon fault. The beds that are involved in the fold- 
ing along the faulted anticline are Pliocene in age, so in this case the 
fault undoubtedly preceded the folding. 

The facts that both the Kreyenhagen Hills fault and the Waltham 
Canyon fault disappear in the same syncline, and that if they were 
projected farther toward the south they would meet, suggest very 
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strongly that the planes of the two faults originated from a common 
shear plane. If this be so, then it would seem very probable that the 
Kreyenhagen’ Hills fault, as well as the Curry Mountain fault, is a 
rejuvenated old fault that existed before the deposition of the Pliocene 
beds across it. 

It is possible that a fold was first formed as the result of movements 
along the buried faults, which very soon broke through to the surface, 
and that the final structures produced were the result of drag along 
the faults. 


SIGNIFICANCE OF CONGLOMERATES IN CRETACEOUS AND TERTIARY DEPOSITS 


Conglomerates in Cretaceous west and south of Coalinga.—Refer- 
ence has already been made to the fact that heavy conglomerates over- 
lie the Knoxville shales on the northeast side of Priest Valley. In the 
Cretaceous series of this section there are at least three major zones of 
conglomerates separated by sandstones and shales. First, are the basal 
beds, to which reference has just been made; second, a zone of con- 
glomerates on the ridge east of Fresno Hot Springs; and third, a 
zone which follows Juniper Ridge to the southeast of Sherman Peak. 
These zones thicken and thin along the strike, and are interspersed with 
lenses of sandstone. The highest of the three conglomerates is close to 
10,000 feet above the lowest beds of Cretaceous as exposed in Priest 
Valley, and the second is about 5000 feet above them. There is a still 
higher conglomerate in the section south of Alcalde Creek. These 
conglomeratic layers vary from a few feet to more than 50 feet in 
thickness. 

Apparently there are no essential differences in the character of the 
boulders of these conglomerates; they were derived from the same 
general source and consist largely of metamorphic, granitic, and other 
types of igneous rocks, together with some sandstones and older con- 
glomerates. Most of these rocks were undoubtedly derived from the 
Basal Complex, which forms the basement rock of the blocks to the 
west of the San Andreas fault. No typical Franciscan pebbles are 
found in these conglomerates, and, as has already been pointed out, it 
seems probable that the Franciscan series of the Parkfield area was 
covered by Cretaceous sediments. This must have been only a thin 
veneer as compared to the great thickness to the east of that area. 
The Cretaceous deposits of the Parkfield area were removed at least 
by the beginning of middle Miocene time, as shown by the fact that 
Franciscan boulders first became abundant in the basal beds of the 
Temblor formation. 
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Scattered through these conglomerates are boulders of Cretaceous 
sandstone; in some cases they are more than a foot in diameter. These 
Cretaceous boulders are more abundant in the upper conglomerates 
than in the lower ones. All the conglomerates are distinguished by 
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Ficure 9.—Coast Range area west of Coalinga in Cretaceous, Eocene, Middle Miocene, and 
Upper Miocene periods 


the fact that in many places they are poorly sorted and may be classi- 
fied as typical fanglomerates; large and small boulders are mixed 
irregularly together, and included with them are lenses of sandstone 
and some pockets of mudstone. Some of the boulders are very large; 
one of the igneous boulders from the lower conglomerate on the north- 
east side of Priest Valley measured nearly six feet in diameter. 
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In one of the highest conglomerates in this region was found a 
boulder composed of fine conglomerate and having a maximum 
diameter of more than eight feet. Boulders of igneous rock, three to 
four feet in diameter, are very common in this bed. This conglomerate 
is less than 3000 feet from the top of the Cretaceous series, as exposed 
south of Reef Ridge and on the west side of Tar Canyon, Cholame 
quadrangle. This is about 15 miles airline southeast of the town of 
Coalinga. It is noteworthy that this highest conglomerate contains 
some of the largest boulders found in any of the conglomerates and 
that it is poorly sorted and may be classified as a fanglomerate. It 
should also be noted that boulders of Cretaceous sandstone are fairly 
abundant in these beds. 

Another feature that is generally characteristic of the Cretaceous 
conglomerates is that for the most part they grade into the sandstones 
or shales above and below. Very seldom does one find a good erosion- 
contact separating the conglomerate from the underlying beds. Thus, 
there is no evidence that the conglomerates, with the possible exception 
of those which overlie the Knoxville, were laid down on eroded sur- 
faces; they belong to what appears to be a continuous uninterrupted 
cycle of sedimentation. 

One can account for the great thickness and poor sorting of the con- 
glomerates and the large size of the boulders by postulating that there 
was a high mountain mass to the west from which these conglomerates 
were derived. The lack of erosion contacts and the poor sorting may 
be taken as evidence that the conglomerates were dumped into a basin, 
the floor of which was probably below sea-level; the basin gradually 
sank as it filled. At the same time the areas of Basal Complex west 
of the San Andreas fault zone were rising. 

As has already been pointed out, it is probable that the Parkfield 
area was covered at different times by Cretaceous sediments. The 
presence of Cretaceous boulders in the conglomerates suggests that 
at various times these marginal blocks of the Parkfield area were up- 
lifted and the sediments that had been deposited upon them eroded 
off and carried into the main basin to the east. 


Conglomerates of the middle Miocene —North of the Coalinga anti- 
cline is a series of continental beds which appear to grade down into 
the marine Temblor deposits (Vaqueros of Anderson and Pack **). 
This member is shown on the map (PI. 89) under the name of “Big 
Blue,” which name was first used by Arnold and Anderson in bulletins 
396 and 398 of the United States Geological Survey. The Big Blue, 


%3 Robert Anderson and R. W. Pack: Geology and oil resources of the west border of the 
San Joaquin Valley north of Coalinga, California, U. 8. Geol. Surv., Bull. 603 (1915). 
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throughout most of the area in which it was mapped by Anderson and 
Pack, consists of fine conglomerate and variegated clays and sands; in 
places these beds have a thickness of close to 200 feet. In the area a 
short distance south of Cantua Creek the greater part of these beds 
is composed of large blocks of serpentine, which are separated by a 
matrix of powdered serpentine and finely broken serpentine blocks. 
Some of the larger blocks have a diameter of 20 to 30 feet; one, meas- 
ured by the writer, had a length of more than 40 feet and a width of 
more than 30 feet. Material of this type occurs along the strike for a 
distance of over a quarter of a mile; toward the south and north of 
that it disappears. It undoubtedly represents a Miocene slide which 
came from a high land-mass in the near vicinity. The writer, in a 
previous paper,** pointed out that the only direction from which such 
a slide could have come is the west. Serpentines are exposed in the 
Franciscan area south of the New Idria fault and about 6 miles south 
and a little west of the old slide in the Big Blue. The slide must have 
been formed at a time when the serpentine mass of the Franciscan area 
stood very much higher than it does now. Such a condition could not 
have been possible if the serpentine had been exposed in the center 
of an unbroken anticline. This becomes more obvious when the fact 
is considered that most of the folding of Cretaceous and Tertiary 
deposits of this area took place in early Pleistocene time. It is possible 
that the anticline had its beginning in the Eocene. However, early 
folding certainly could not account for the great elevation of the ser- 
pentine area during the time of the slide. The only way it could have 
reached such an elevation would be by block faulting. The writer’s 
conclusion is that the serpentine mass was raised as a block which was 
surrounded on all sides by faults, a structure similar to that repre- 
sented by the Table Mountain blocks already described.** It is prob- 
able that the folding which produced the large unconformity between 
the Kreyenhagen shales (Eocene and Oligocene) and the Temblor 
(Miocene) deposits, as seen in the vicinity of Oil City and near the 
axis of the anticline, took place at the time of the uplift of that block. 
In the paper on the tectonics of the Valle Grande, referred to above, 
the writer has tried to express diagrammatically his concept of the 
different stages in the folding and the uplift of the serpentine block. 


*B. L. Clark: Tectonics of the Valle Grande of California, Am. Assoc. Petr. Geol., Bull., 
vol. 13, no. 3 (1929) p. 224-226. 

*% The map (PI. 89) shows a normal contact between the serpentines and the overlying Cre- 
taceous deposits at the southeast end of the serpentine area. In the writer’s opinion, later 
studies will show that this is also a fault. Not having the opportunity to study the contact, 
it is indicated as originally mapped by Anderson and Pack in U. 8S. Geological Survey Bulletin 603. 
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Conglomerates in Cretaceous deposits of Quinto Canyon north of 
Coalinga.—R. D. Reed, in his book on the Geology of California, takes 
exception to the writer’s statement that a large proportion of the 
boulders in the lower part of the Cretaceous section of Quinto Canyon 
was derived from the Franciscan. In this connection he makes the 
following statement: 


The Cretaceous conglomerate at Quinto Creek in the northwestern San Joaquin 
Valley was described by Clark as being “composed very largely of Franciscan 
rocks .. . including chert and Franciscan igneous rocks of several types.” A 
painstaking search at this locality through several conglomerate beds, including 
the thick basal conglomerate, failed to discover any distinctively Franciscan types 
of pebble except a single one of red chert. A comparison of pebbles in this 
conglomerate with gravel in the beds of modern streams draining from the 
Franciscan rocks of the Diablo Range revealed the fact that the former lacks 
practically everything that occurs commonly in the latter.3é 


Reed also states that the lack of Franciscan boulders in the Cretaceous 
conglomerates is rather characteristic of the Coast Ranges. 

Quinto Canyon is on the west side of the San Joaquin Valley, south- 
west of the town of Newman and near the southeastern end of the 
Mount Hamilton Range in the Pacheco quadrangle. This locality is 
a little north of the area shown on Plate 89 (see Pl. 90). Here the Creta- 
ceous deposits on the east are separated from the Franciscan rocks on 
the west by a primary fault. The Cretaceous beds dip easterly, being 
almost vertical in the vicinity of the fault. Higher up, the angle of the 
dip is between 35 and 45 degrees. Detailed mapping to the north and 
south of Quinto Creek shows that different members of the Cretaceous 
series cut into the fault; the base of the series is not exposed. The 
conglomerates in question come near but not at the base of the exposed 
section, and predominate in the lower portion of the section, alternating 
with sandstones and shales. The boulders in the conglomerate are 
largely composed of igneous rocks, besides which there are green chert 
boulders, some of which are as much as one and a half feet in diameter, 
and equally large boulders of soft sandstone that apparently were 
derived from other Cretaceous rocks. There are also pebbles of red 
and black chert as well as some metamorphic rocks which resemble 
those found in the Basal Complex farther west. Some of these layers 
of conglomerates are as much as 50 feet thick, others less. In certain 
of the layers near the base the boulders are two to three feet in their 
longest diameter. In many of the layers there is a noticeable lack of 
sorting of the pebbles and boulders; such may be classified as typical 


%R. D. Reed: op. cit. (1933) p. 100-101. 
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fanglomerates. They undoubtedly represent material which has been 
dumped very rapidly by a stream from a high mountain area. In one 
of the lower layers are boulders of igneous rocks three to four feet in 
diameter, some of which are only roughly rounded. The great thick- 
ness of the series indicates that it was deposited in a sinking basin. 
The large size of the boulders and the lack of sorting would seem to 
indicate a source close at hand. 

One thing to be noted is that most of these conglomerates can be 
traced for only a few miles north and south of the Quinto Creek area; 
in going away from this area they grade rapidly into sandstones and 
shales. Thus, the conglomerates form a great lens in the lower portion 
of the Cretaceous section. 

The writer’s statement that a large number of the boulders in the 
Cretaceous section had been derived from the Franciscan was checked 
in the field by a petrographer. Reed, after again visiting Quinto Canyon 
in company with A. O. Woodford and the writer, agrees that the most 
common boulders in the conglomerates could not be distinguished from 
the igneous rocks that are found in the upper Franciscan, which is on 
the other side of the fault in the same section. He contends, however, 
that the Franciscan origin of the boulders is not proved because of 
the fact that certain of the distinctive Franciscan rocks are lacking in 
the conglomerates. For example, no boulders of serpentine or typical 
Franciscan sandstones were found, and red chert pebbles are rather 
scarce. His contention is that the igneous rocks in the upper Francis- 
can on the opposite side of the fault, which rocks match the boulders 
in the conglomerate, are not distinctive and might not be distinguished 
from similar rocks in the Sierra Nevadas to the east. 

The concept that the writer expressed in the Valle Grande paper, 
referred to above, is (1) that the conglomerates of the Quinto Canyon 
section represent the deposits of an old stream which crossed a moun- 
tainous area of Franciscan age to the west, this area being underlaid 
by rocks of Franciscan age and by Basal Complex; (2) that these 
areas to the west were positive during the Cretaceous period while 
that of the Valle Grande to the east was negative; and (3) that as the 
positive area rose the negative sank. Over 20,000 feet of Cretaceous 
sediments were deposited in the eastern area. These sediments were, 
in the writer’s opinion, largely derived from this western land mass. 

The lack of any major structural unconformities in the Cretaceous 
section along the west side of the San Joaquin Valley in this general 
area and the fact that the Tertiary beds above the Cretaceous deposits 
are usually parallel with them are taken as good evidence that most 
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of the folding took place either in late Pliocene or in early Pleistocene 
time, the latter being the more probable. Thus, throughout the Ter- 
tiary period these Cretacous deposits were flat or nearly so, and, if so, 
the lower beds, including the conglomerates, were buried under many 
thousands of feet of sediments. 

Apparently Reed’s concept is that this great thickness of Cretaceous 
deposits originally arched up over the Franciscan in an anticlinal fold, 
and that the top of the fold was eroded off and finally the fault was 
produced along which the Cretaceous series was dropped, so that now 
the basal beds are not exposed. This concept is untenable for the 
following reasons: (1) the fault is not a normal fault; it has all the 
characteristics of a typical primary fault with the uplift on the east 
rather than on the west, where it would have to be if the Cretaceous 
beds had been dropped down; (2) the bevelling off of the top of such 
an anticlinal arch, which took away not only the enormous thickness 
of Cretaceous but several thousand feet of Franciscan as well, is more 
than could be expected in such a short period of time; (3) there is no 
evidence of there ever having been any such fold in the Franciscan 
rocks. If one is to postulate anticlinal folding for this locality then 
he must extend this fold along the entire length of the Mount Hamilton 
Range, a distance of about 40 miles, inasmuch as the Cretaceous fol- 
lows the east side of the range, dipping away from the Franciscan 
and separated from it by a fault, a condition similar to that found 
at Quinto Canyon. The Franciscan deposits form the main central 
portion of the range; the east-west distance across this area is 10 to 15 
miles. Within this Franciscan mass there is some complicated folding 
and faulting but no evidence that the deposits formed part of a great 
anticlinal fold. 

There are only two hypotheses which can be considered as to the 
source of the Cretaceous conglomerates. One is that they came from 
the east, the other that they had a western origin. If they came 
from the east, then one must assume a range of mountains in that 
direction much higher than the present Sierra Nevadas. The first 
outcrop of the Basal Complex in the Sierra Nevadas is about 40 miles 
east of Quinto Canyon. To assume that the conglomerates were de- 
rived from that direction, the Basal Complex must have been much 
closer than it is now. One would have to postulate a high mountain 
range out in the San Joaquin Valley in order to get the accumulation 
of such an enormous thickness of coarse debris. 

The best evidence that the conglomerates were derived from the 
west is the fact that a large proportion of the boulders in them can be 
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matched with the igneous rocks in the upper portion of the Franciscan 
series just to the west. 

The answer to Reed’s objection that distinctive rocks, such as sand- 
stones, serpentines, and glaucophane schists, are absent from this con- 
glomerate is that these rocks were buried beneath the igneous rocks, 
which at the present time form the highest exposed outcrop in the 
Franciscan section, where they are standing vertically or nearly so. 
The intrusion of peridotite and other igneous rocks took place at the 
time of the Sierra Nevada revolution, which was probably late in the 
Jurassic period. At that time the Franciscan deposits were very highly 
folded and faulted, and it seems more than probable that the surface 
of the areas underlain by Franciscan would be overlain by lavas. It is 
probable that over wide areas the original Franciscan rocks were buried 
under hundreds of feet of these igneous rocks. Thus, during Cretaceous 
time, when the positive blocks were being uplifted, the debris that 
was carried by the streams was derived from these overlying rocks. 
The red and green cherts in the conglomerate indicate that the older 
Franciscan rocks were also exposed but probably not in the immediate 
vicinity. 
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INTRODUCTION 
GENERAL STATEMENT 


Mount Diablo is located at the north end of the Mount Diablo 
Range, which is the central group of the Coast Ranges. It stands be- 
tween the great central valley of California and the Pacific Coast 
adjacent to San Francisco. Rising thus from near sea level to an 
elevation of 3,849 feet, it is in view from the eastern slopes of the 
Sierra Nevada Mountains to the Golden Gate and is a reference land 
mark for central and northern California. Mount Diablo proper is 
an ovate mass of metamorphic and igneous rocks, fifteen square miles 
in area, protruding through the center of a great anticlinal fold fifty 
miles long. Cretaceous and Tertiary sedimentary rocks in the flanks 
of the anticline make parallel ridges of erosion 1,500 to 2,000 feet high 
on the northeast and southwest sides of the mountain. 

Surveys of Jurassic, Cretaceous, and Tertiary sedimentary rocks of 
the Mount Diablo district for the purpose of research into the sources 
of petroleum have developed an instructive stratigraphic and structural 
history of the sedimentary rocks of the region and the unique intrusive 
nature of the Franciscan, Jurassic metamorphic and igneous complex 
of Mount Diablo. 

The same series of sedimentary rocks was mapped and studied from 
time to time during 1930-1932, through the west side of the Sacramento 
Valley leading up to Mount Diablo. Surveys of the same series of 
rocks have been continued southward from Mount Diablo through the 
eastern side of the Mount Hamilton area. 

The sedimentary rocks of the San Francisco Bay region adjacent to 
Mount Diablo on the west had been previously mapped, defined, and 
classified in published reports. The sequence and characteristics of 
the rocks of the San Francisco Bay region are essentially the same 
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as those in the Mount Diablo region, and their publication has been 
of material service in working the Mount Diablo geology. Much field 
work had been done previously on the geology of Mount Diablo, but 
the published results are of preliminary nature and cover only parts 
of the field. 

RESULTS OF PREVIOUS WORK 

A reconnoissant survey of the Mount Diablo district was made by 
Mr. H. W. Turner? in 1891. Mr. Turner paid more particular atten- 
tion to the Jurassic metamorphic and igneous recks of Mount Diablo, 
which he took considerable pains to collect, study petrographically, 
and describe. The relations of the metamorphic and igneous complex 
to the overlying Jurassic and Cretaceous sedimentary rocks were not 
correctly understood by Mr. Turner or his co-workers, Dr. George F. 
Becker? and Dr. C. A. White.* They believed that the metamorphic 
and non-metamorphic series of rocks were conformable and that the 
igneous intrusives penetrated both series alike, whereas they have been 
found to intrude only the metamorphics. 

This group of metamorphic and igneous rocks in the San Francisco 
Bay region was later mapped and classified in detail by Dr. Andrew 
C. Lawson.* They were named the Franciscan series and placed in 
the Jurassic. The overlying Knoxville shales, presumed to be lower 
Cretaceous in age, were found to lie unconformably upon the Francis- 
can series. 

Dr. F. M. Anderson,® during recent years, has made extensive studies 
of the Knoxville formation and the Shasta series in their type localities 
and elsewhere in the north coast ranges, including Mount Diablo. 
He finds that the Knoxville faunally is upper Jurassic and both struc- 
turally and faunally separated from the overlying Shasta series of 
lower Cretaceous age. Doctors Roy E. Dickerson® and Bruce L. 


1H. W. Turner: Geology of Mount Diablo, California, Geol. Soc. Am., Bull., vol. 2 (1891) 
p. 383-404, 

2G. F. Becker: Notes on the stratigraphy of California, U. S. Geol. Surv., Bull. 19 (1885) 
28 pages. 

8C. A. White: The Shasta Group, U. 8. Geol. Surv., Bull. 15 (1885) p. 18-32. 

4A. C. Lawson: Sketch of the geology of the San Francisco peninsula, U. S. Geol. Surv., 
Ann. Rept. 15 (1895) p. 399-476; Description of the San Francisco district, U. S. Geol Surv., 
San Francisco folio, no. 193 (1914). 

5F, M. Anderson: Type-area of Jurassic Knorvillian series of California, Pan-Am. Geol., 
vol. 60 (1933) p. 175-188; Knozrville-Shasta succession in California, Geol. Soc. Am., Bull., 
vol. 44 (1934) p. 1237-1270. 

€R. E. Dickerson: Stratigraphic and faunal relations of the Martinez formation to the Chico 
and Téjon north of Mount Diablo, Univ. Calif., Dept. Geol., Bull. 6 (1911) p. 171-177; 
Stratigraphic and faunal relations of the Martinez and Téjon south of Mount Diablo, Geol. Soc. 
Am., Bull., vol. 24 (1913) p. 177. 
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Clark * have made extensive geological studies of the Mount Diablo 
area, publishing classifications of the Tertiary rocks. Dr. Clark ® also 
has published preliminary reports on the geology and structure of 
Mount Diablo. Dr. Clark’s classification of the Meganos, middle 
Eocene formation, separating it both faunally and structurally from 
the lower part of the Téjon, as formerly mapped in the Mount Diablo 
area and other localities in California, is a notable contribution. In 
the south side of the Mount Diablo area, however, the lower sub- 
divisions of the Eocene are present only locally, being overlapped 
eastward by the upper Eocene strata. The steeply tilted and slumped 
strata here prevented accurate mapping of the Eocene in the time at 
our disposal. Therefore, for the purpose of this paper, the Meganos 
and overlying Eocene strata are grouped and mapped as Téjon in the 
entire Mount Diablo area. 


ACKNOWLEDGMENTS 


Acknowledgments are gratefully accorded the authors of the reports 
cited above, also Dr. B. L. Clark personally, for the constructive criti- 
cisms of certain phases of the writer’s interpretation of the structure 
of the sedimentary rocks east of Mount Diablo. 

During the entire field work in the Mount Diablo area, and in the 
same series of rocks through the Sacramento and San Joaquin valleys, 
the writer has been assisted by Mr. C. M. Cross; also, from time to 
time, in the study and historical classification of the strata, by Dr. 
G. D. Hanna and Mr. C. C. Church. 

Dr. Bailey Willis, of Stanford University, has rendered particularly 
helpful advice on the structural problem of Mount Diablo. 


GEOLOGICAL FORMATIONS 
SUMMARY OF SEDIMENTARY AND STRUCTURAL EVENTS 


The rocks of Mount Diablo and vicinity comprise Jurassic, Creta- 
ceous, and Tertiary systems aggregating maximum thickness of not 
less than 42,000 feet. The several series of strata comprising these 
three systems are unconformable one with another, and the upper 
Cretaceous and Tertiary series are broken by marked unconformities. 
Stratigraphic and structural relations are briefly indicated in the fol- 
lowing table of formations, in order of age: 


7B. L. Clark: The Neocene section at Kirker Pass on the north side of Mount Diablo, Univ. 
Calif., Dept. Geol., Bull. 7 (1912) p. 47-60; Meganos group, a newly recognized division of the 
Eocene of California, Geol. Soc. Am., Bull., vol. 29 (1918) p. 281-296. 

8B. L. Clark: Thrust faulting in the Mount Diablo region of Middle California [abstract], 
Geol. Soc. Am., Bull., vol. 36 (1925) p. 152; Preliminary report on the geology of Mount Diablo, 
California [abstract], Geol. Soc. Am., Bull., vol. 36 (1925) p. 205. 
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SEQUENCE OF GEOLOGIC FORMATIONS EXPOSED IN THE MOUNT DIABLO LOCALITY 


Maximum 
System Series Formation thickness Characteristics 
(feet) 
Franciscan 6000+ Metamorphic sedimentary 


series of arkose sandstone 
shale, chert, crystalline lime- 
stone, and schist. Massive 
diorite and ellipsoidal ba- 
salt. Intrusive diabase, and 
serpentinized peridotite and 
pyroxinite as sheets and 
dikes in the metamorphic 


Jurassic series. 


{ Unconformity Orogenic activity, followed 
by general erosion. 


Upper { Knoxville 2000+ Blue to black slaty shales 
and occasional arkose sand- 
stone. Base not exposed. 


| Unconformity Regional uplift, gentle 
warping and erosion. 


Lower Shasta 5000+ Blue and olive drab shales, 
arkose sandstone. Con- 
glomerate locally at base. 


Unconformity Regional uplift, gentle fold- 
ing and erosion. 


Chico 7000+ Arkose sandstone and 
sandy clay shale with con- 
glomerate at base. 


Unconformity Regional uplift increasing 

from Mount Diablo south- 

Cretaceous { ward, with increased erosion 
toward south. 

Upper { Panoche 5000+ Arkose sandstone, sandy 


and clay shale. Conglomer- 
ate at and near base. 


Unconformity? 


Moreno 7000+ Blue and brown shales and 
sandstone. Massive buff 
and brown sandstone with 
conglomerate or grit at 

base. 
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Maximum 
Series Formation __ thickness 
(feet) 
Unconformity 
Martinez 700+ 
Unconformity 
Meganos 3000+ 
Eocene 
nconformity 
Domengine 1500+ 
\! 
Unconformity? 
Markley 3000 + 
Oligocene 
Kreyenhagen 700+ 
Unconformity 
Undifferentiated 
Miocene 1000—- 
Unconformity? 
San Pablo 1500+ 
Pliocene Orinda ? 


Characteristics 


Regional emergence. Strong 
folding and extended ero- 
sion. 


Blue clay shales, massive 
sandstone and conglomer- 
ate at base. 


General emergence increas- 
ing eastward. 


Blue and brown shale and 
sandstone. Massive sand- 
stone and conglomerate at 
base. 


Emergence increasing east- 
ward. 


Blue shale, brown and white 
sandstone, conglomerate at 
base. 


Brown sandstone and sandy 
shale. 


Blue clay and white sili- 
ceous shale. 


Extended emergence and 
erosion during Lower and 
Middle Miocene time. 


Sandstone and shales in 
part tuffaceous. White con- 
glomeratic sands at base. 


Blue shales, brown and blue 
sands and conglomerate. 


Conglomerate, sandstone 
and clay, limestone and 
tuff. 
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Maximum 
System Series Formation _ thickness Characteristics 
(feet) 
Post-Pliocene structural development Regional emergence and 


progressive development of 
Coast Ranges, a part of 
which was the greater 
Mount Diablo anticline 
with the intrusion of the 
Mount Diablo Franciscan 
complex. 


JURASSIC 
FRANCISCAN SERIES 


General statement——The Franciscan series was developed in an 
undetermined epoch of the Jurassic. The rocks are well displayed in 
the adjacent San Francisco Bay area,® where sedimentary series of 
sandstone and shale, radiolarian chert and fissile shale interlaminated, 
and limestone occur interstratified in several members, aggregating 
6,000 feet or more. Volcanic activity occurred at times during the 
deposition of sediments, intruding sheets and dikes through the strata 
and erupting lava flows. 

During orogenic activity following the formative stage of the Fran- 
ciscan sediments, prior to the deposition of the Knoxville in late 
Jurassic time, the Franciscan was intruded by many stocks, sills, 
and dikes of diorite, peridotite, and pyroxenite magmas, which locally, 
and to some extent regionally, metamorphosed the sedimentary strata. 
The rocks also were intensely folded, crumpled, and fractured. 

The post-Tertiary protrusion of the Franciscan complex, together 
with the serpentinization of the peridotite and other basic dikes in 
Mount Diablo, have so weakened the rocks that they have broken 
extensively and moved in land slides on all sides of the mountain, 
extending in many places over the edges of the adjacent Cretaceous 
formations. In the southwest side of Mount Diablo and in the north 
side of North Peak particularly, gravity land slides of very large 
proportions have extended to the base of the mountain. The highly 
disturbed and broken metamorphic Franciscan strata have made it 
impracticable to map the several members of the series. The Fran- 
ciscan rocks, therefore, of Mount Diablo, are segregated for purposes 
of discussion in three main groups: (1) the metamorphic complex of 
sedimentary strata with intrusive sills and dikes; (2) massive diabase 


9A. C. Lawson: op. cit. 
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and basalt; (3) serpentinized peridotite and pyroxenite intrusive mass 
between the metamorphic complex and the massive diabase. 


The metamorphic compler.—The metamorphic complex, about ten 
square miles, includes the main Mount Diablo Peak and North Peak. 
Within it are found all the facies of metamorphic sedimentary rocks 
in the San Francisco Bay region. There are also local developments 
of mica schist and glaucophane schist adjacent to contacts with large 
igneous intrusives. North Peak contains large masses of crushed 
decomposed diabase, serpentine, silica-carbonate rock intrusives in 
the metamorphic sedimentary series. The silica-carbonate rock, a meta- 
serpentine in the north slope of North Peak, is associated with ores 
of mercury. 

The metamorphosed cherts have been intimately crumpled, jointed, 
and fissured, the fractures being healed by veinlets of quartz. 


Massive diabase and basalt.—The massive diabase and basalt, about 
five square miles in the northwestern part of the mountain, include 
Mount Zion, Black Point, and Eagle Point. This area includes varie- 
ties of diabase and basalt. The spheroidal basalt is particularly 
prominent in the north and east slopes of Mount Zion, where it has 
been prospected in several places. 


Metamorphic igneous rocks.—These include peridotite with some py- 
roxenite and gabbro which have been wholly or partially serpentinized. 
This deposit extends diagonally across the mountain as a large intrusive 
mass between the metamorphic sedimentary main mass of the moun- 
tain and the diabase basalt area of Mount Zion, Eagle Point, and Black 
Point. An irregular dike-like mass of serpentine 0 to 50 feet thick 
extends northward from the west end of this metamorphic serpentine 
mass, filling a fissure in Cretaceous shales. The compression incident 
to the intrusion has produced extreme schistosity in the serpentine 
parallel with the walls of the fissure. 


KNOXVILLE SHALES 


The Knoxville shales, upper Jurassic, the oldest non-metamorphosed 
sedimentary deposits of the region, are exposed in two areas off the 
north and west sides of Mount Diablo. One area is in a cove between 
North Peak and Mount Zion drained by Bagley and Mitchell creeks. 
The other area borders the west side of the diorite mass of Mount 
Zion, Black Point, and Eagle Peak. 

The Knoxville consists of dark clay and limey shales with variable 
lenticular strata of limestone and concretions of lime, sandy lime, 
and ferruginous clay. Fossils of Aucella, characteristic of the upper 
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Jurassic, according to the opinion of F. M. Anderson, are found in 
the lime and sandy lime segregations obtained from the shale exposures 
both north and west of the mountain. There are also thin and rather 
dense bluish sandstone strata interstratified with the shales. 

The base of the Knoxville has not been found in the Mount Diablo 
area, and the top of the formation in contact with the Cretaceous 
Shasta shales could be located only at a single locality in the west 
base of the mountain opposite Peachtree Springs, where it is traceable 
for a distance of about two miles. The thickness of the exposed 
Knoxville is estimated at approximately 2,000 feet. The fault contact 
of the Knoxville shales with the Franciscan rocks is generally obscured 
by a mantle of sliding metamorphic or igneous rocks of Mount Diablo. 
Knoxville shales exposed near the Franciscan igneous masses contain 
no intrusives or evidences of contact metamorphism due to their 
proximity to the igneous mass. Neither do these shales reveal any 
content of sediment indicating a near approach to Franciscan source 
rocks. On the contrary, the Knoxville strata striking toward the 
Franciscan at various angles near the contact indicate quite clearly 
that the Franciscan is faulted upward through the Knoxville. 


CRETACEOUS ROCKS 
LOWER CRETACEOUS SERIES 


Shasta formation.—The Shasta series of dark bluish and olive drab 
shales interstratified with rather dense bluish arkosic sandstone beds 
overlies the Knoxville shales unconformably. The shales and sands 
weather to shades of rusty yellow to brown. Like the Knoxville, the 
Shasta shales contain occasional limestone lenses and concretions of 
lime which are sparsely fossiliferous. 

The Shasta series is in fault contact with the metamorphic Fran- 
ciscan rocks of Mount Diablo along the entire northeast, east, and 
southeast base for some six miles and for approximately one mile on 
its southwest base. 

The contact between the Shasta and the Knoxville series was found 
only west of the mountain, a mile west of Peachtree Springs. At 
this locality, the basal bed of the Shasta is a conglomerate, 40 feet 
thick and less, composed of worn quartzite and other crystalline rocks 
of unknown source, together with subangular and angular cobbles and 
boulders of limestone, clay-ironstone, and shale with Knoxville fossils. 
Overlying strata contain typical Shasta Aucella and Belemnites. The 
shales stratigraphically beneath the conglomerate contain typical Knox- 
ville fossils. The upthrust of the Franciscan complex has cut out 
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and removed the basal beds of the Shasta series in the axis of the 
anticlinal structure in the east side of the mountain. 

The lower strata of the Shasta, in large part shale, are rarely well 
exposed. The fault contact of the Shasta strata with the Franciscan 
metamorphic complex also is in considerable part concealed by over- 
sliding Franciscan rocks from the mountain. The attitude of the 
Shasta strata conforms with the general anticlinal uplift of the region, 
and in those exposures nearest the mountain they strike at various 
angles toward the Franciscan complex. 


UPPER CRETACEOUS SERIES 


Chico formation.—At the close of the Shasta epoch, the land was 
regionally uplifted and in considerable part, eroded. 

The Chico strata consist of a series of olive drab shales and sand- 
stone beds interstratified. The basal member, nearly 1,000 feet thick, 
consists of sandstone and conglomerate with some sandy shales and 
lenses of limestone. Over the basal sandstone and conglomerate mem- 
ber there are 1,000 feet more or less of blue to olive shale with lime 
segregations and a long lens of stratified and laminated cherty shale. 
Continuing thence to the top of the formation there are approximately 
5,000 feet of sandstone and shale strata alternating in almost innumer- 
able beds. 

The Chico formation varies greatly in thickness. The upper part 
is absent in the south side of the Mount Diablo uplift, because of the 
folding and erosion of the Chico strata prior to the deposition of the 
succeeding Tertiary rocks. The greatest thickness of 7,000 feet or 
more is exposed in the north limb of the structure east of Mount 
Diablo. 


Panoche formation.—In middle upper Cretaceous time the sea receded 
westward, exposing the Chico sediments. The regionally uplifted 
strata were broadly warped and eroded. Evidence of this is found in 
the basal conglomerate of the Panoche formation in the vicinity of 
Mount Diablo and through the east side of the Mount Hamilton area. 
A conglomerate of the same characteristics and age occurs on the top 
of type Chico strata near the type locality of the Chico formation in 
the east side of the Sacramento Valley. This conglomerate, wherever 
found, is composed of hard, well-worn pebbles and cobbles of quartzite, 
quartz, granitic and basic porphyritic rocks, together with partially 
worn and angular boulders of sandstone and limestone containing 
characteristic Chico fossils. This conglomerate in the Mount Diablo 
area varies from a thin gritty and conglomeratic sandstone to massive 
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conglomeratic sandstone beds 100 or more feet thick. The strata 
from the basal conglomerate to the top of the Panoche are a rather 
uniformly variable alternating series of bluish to olive drab arkose 
sandstone and shale beds 3,000 to 5,000 feet thick. 

The formation name Panoche is adopted from that applied by the 
United States Geological Survey in the west side of San Joaquin Valley 
north of Coalinga. Anderson and Pack * applied the name Panoche 
to the lower section of a series of strata called the Chico Group, erro- 
neously considered by them to include the entire upper Cretaceous. 
It is now demonstrated by areal field mapping that a well-defined upper 
part of the Panoche formation with a conglomerate at its base con- 
taining Chico boulders, described by Anderson and Pack, is strati- 
graphically and unconformably above the type Chico formation and 
is the middle formation of the tripartite upper Cretaceous series of 
the Mount Diablo area. 


Moreno formation.—The Moreno formation is stratigraphically the 
highest formation of the Cretaceous recognized in California. It over- 
lies the Panoche formation in partial, if not complete, conformity. 
The alternating arkose sand and shale strata at the top of the Panoche 
are succeeded by buff to white quartzose sandstone and carbonaceous 
beds and brown clay shales interstratified with light buff quartzose 
sand lenses. Toward the top of the formation the brown shales are 
succeeded by buff and brown sandstone beds interstratified with car- 
bonaceous sandy shales. 

In the Mount Diablo area, the Moreno is exposed only in the north- 
east side along the Tertiary border from Oil Creek valley southeasterly 
to the vicinity of Byron Hot Springs on the border of San Joaquin 
Valley. Both at the west and at the east ends the Moreno strata are 
overlapped unconformably by the basal Tertiary strata. 

At the type locality in Moreno Gulch, western Fresno County, the 
Moreno is 1,700 to 2,000 feet thick. In the Mount Diablo area, the 
maximum thickness is estimated 7,000 feet. 


TERTIARY 
EOCENE SERIES 
Martinez formation—At the close of the Cretaceous there was 
regional emergence and at the same time upwarping of the strata in 
a southeasterly trend through the southern part of the Mount Diablo 
area. In the progress of Tertiary sedimentation submergence of the 


10 Robert Anderson and Robert W. Pack: Geology and oil resources of the west border of the 
San Joaquin Valley north of Coalinga, U. S. Geol. Surv., Bull. 603 (1915). 220 pages. 
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land progressed eastward, as shown by overlapping of successively 
higher Tertiary formations on to the Cretaceous in that direction. 

At the type locality near Martinez, ten miles northwest of Mount 
Diablo, this formation is 2,000 feet thick. The basal member of the 
Martinez in outcrop north of Mount Diablo is a massive, greenish 
brown, glauconitic sandstone with conglomerate at base. Succeeding 
strata consist of shales with lenses and concretions of blue lime and 
brown sandstone strata. A ferruginous sandstone member about fifty 
feet thick near the center of the formation contains an abundance of 
characteristic Martinez fossils. The formation north of Mount Diablo 
is 700 feet thick but thins eastward on the outcrop to an edge at a 
distance of eight miles. A remnant of the Martinez, consisting of 
shale and thin limestone, has been recognized southwest of Mount 
Diablo but has not been found farther east in the south side of the 
district. 


Meganos formation.—Previous to 1918, the Meganos 7! formation 
was included as a part of the Téjon group in this area and elsewhere 
in the north Coast Ranges. North of Mount Diablo the Meganos is 
easily defined, but on the south the strata are so steeply tilted, over- 
turned, and concealed by gravity slides that it is not practicable to 
map them. The Meganos and Domengine formations are, therefore, 
mapped together for convenience, as the Téjon group. The Meganos 
formation consists of a series of alternating members of sandstone 
and shale in nearly equal proportions, aggregating a maximum thick- 
ness of approximately 3,000 feet. The basal member is a massive 
brownish sandstone and conglomerate. The conglomerate at the base 
is composed of rounded cobbles and pebbles of hard quartzitic rocks 
with local additions of sub-angular boulders of Cretaceous sandstone. 
The Meganos formation is unconformable upon the Martinez north 
of Mount Diablo and overlaps it eastward, extending on the Cre- 
taceous. The unconformable relation between the Meganos and the 
underlying Cretaceous is particularly marked south of Mount Diablo 
because of the strong folding and extensive erosion whereby the 
Panoche and Moreno Cretaceous strata had been removed in this 
locality prior to the deposition of the Meganos. The Meganos thins 
eastward on the outcrop and is overlapped by the Domengine and 
undifferentiated Miocene. 


Domengine formation—North of Mount Diablo the Domengine 
formation consists of a series of sandstone, shale, and conglomerate 


1B. L. Clark: Meganos group, a newly recognized division in the Eocene of California, Geol. 
Soc. Am., Bull., vol. 29 (1918) p. 281-296. 
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members, aggregating a maximum thickness of approximately 1,500 
feet. The basal member is a conglomeratic sandstone varying in thick- 
ness up to fifty feet. Overlying the conglomerate is a bed of gray clay 
shale containing a local bed of lignitic coal. Overlying this shale is 
a member of white sandstone 500 feet thick, containing minor beds 
of shale and locally two seams of lignitic coal. This sandstone grades 
upward into buff shaley sandstones approximately 300 feet thick. 
The topmost member of the formation consists of silty and sandy 
gray and brown shales with two lenticular beds of sandstone, the whole 
member aggregating 500 feet. 

South of the mountain the Domengine consists of buff to white sand- 
stone and shale but no coal, the sandstone being conglomeratic at and 
near the base. 

Approximately a mile off the northwest side of Mount Diablo the 
Domengine sandstone occurs in a synclinal lobe, resting unconform- 
ably upon Knoxville and Shasta shales. It is covered on the north 
and south by valley alluvium and is overlain on the west by Kreyen- 
hagen shales. If the structural relations here are as they seem, the 
entire upper Cretaceous series and a large part of the Shasta strata 
were eroded from the axis of the Mount Diablo anticline before the 
Domengine was laid down. Only the white sandstone member and 
basal part of the overlying buff sand member appear to be present 
here. An interesting feature of the Domengine sandstone at this 
locality is the presence of conglomerate near the top composed of 
pebbles and subangular cobbles of diabase similar in character to 
the diabase of Mount Zion, Black Point, and Eagle Point, the diabase 
mass of Mount Diablo. The exposure is two miles west of Mount 
Zion. This diabase conglomerate weathers to shades of brick red. 
The same horizon near the top of the Domengine sand is exposed at 
the Old Nortonville coal mines four miles northeast of the Mount 
Diablo diabase mass. The rock is a mixture of fine diabase-like par- 
ticles and quartz sand which weather to the same shade of brick 
red as the diabase conglomerate west of Mount Zion. This occurrence 
of diabase conglomerate detritus in the Domengine suggests the local 
upthrust and emergence of the Franciscan diabase mass in the location 
of Mount Diablo in upper Eocene time. 

OLIGOCENE SERIES 


Markley formation.—Overlying the outcropping Téjon group in the 
north side of the Mount Diablo area, there is a distinctive series of 
brown to buff colored arkosic sandstone and sandy shale, in maximum 
thickness approximately 3,000 feet. The Markley formation is appar- 
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ently conformably upon the Domengine formation. The sandstone of 
the Markley formation also grades upward into the Kreyenhagen 
shales. 

The Markley sandstone appears to be in the form of an enormous 
lens or wedge. It continues in outcrop westward and disappears 
beneath the alluvial plain of the Concord Valley northwest of Mount 
Diablo and has not been definitely recognized farther west. It thins 
toward the east and disappears as the edge of a wedge between the 
Domengine formation and the Kreyenhagen shales in the west side 
of Marsh Creek valley, some ten miles east of Mount Diablo. It is 
not present in the south side of the area. It is not known to contain 
fossils except widely distributed nondescript plant fragments. An 
arkosic, poorly sorted sand with widely distributed plant debris sug- 
gests that it may be a delta deposit transported probably from the 
Sierra Nevada granitic area. 


Kreyenhagen shale-—The Kreyenhagen shale is present in the Mount 
Diablo area on the north and northeast and northwest sides. In the 
north side it occurs in three members, aggregating a maximum thick- 
ness of approximately 700 feet. The lower part consists of about 200 
feet of clay foraminiferal shales weathering in shades of brown to 
yellow. The central member, 100 feet or more in thickness, consists 
of a white diatomaceous and foraminiferal shale. This white shale 
grades upward into the upper member of bluish clay foraminiferal 
shale about 400 feet thick. 

The Kreyenhagen shale appears to thin out toward the west, having 
been eroded and then overlapped by the succeeding upper Miocene 
sand directly north of Mount Diablo. Toward the southeast, however, 
the formation is continuous in outcrop to the vicinity of Byron Hot 
Springs, where it disappears beneath the alluvial plain of San Joaquin 
Valley. It extends through the entire west side of San Joaquin Valley, 
being exposed at maximum thickness along the foothills of the Diablo 
Range in western Fresno County. A remnant of Kreyenhagen sandy 
clay shale is exposed off the northwest side of Mount Diablo, resting 
upon the Domengine sands. 

MIOCENE SERIES 


Undifferentiated Miocene.—The exposed rocks in the area mapped 
as undifferentiated Miocene, according to the fossil evidence, are shown 
to represent parts, at least, of the Santa Margarita formation, upper 
Miocene in age, and possibly the lower part of the series of rocks 
mapped in the San Francisco Bay region as the San Pablo formation. 
The lower part of undifferentiated Miocene is composed of buff to 
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white, generally unconsolidated conglomeratic sandstone and pure 
quartz sand. Bluish sands and clays occur higher in the formation, 
and near the top in the north side of the Mount Diablo area there are 
lenses and local strata of light colored, apparently rhyolitic tuff. In 
the southern and southeastern sides of the uplift there are certain 
upper beds of tuffaceous and bentonitic clay shales. The base of the 
undifferentiated Miocene strata is usually well defined. In the north 
side of the Mount Diablo area it rests unconformably upon the Krey- 
enhagen shale. In the south side it lies unconformably upon the 
Téjon, the Markley and the Kreyenhagen being absent. It overlaps 
the Téjon progressively eastward and is believed to rest upon the upper 
Cretaceous, near the southeast corner of the mapped area. The forma- 
tion decreases in thickness variably eastward from a maximum of 
about 1,000 feet. 


San Pablo formation—The San Pablo formation is apparently 
unconformable upon the undifferentiated Miocene. The basal beds 
are composed of massive, bluish, more or less indurated conglomeratic 
sandstones, which weather brown in rough exposures. Sandstones, some 
bluish in color, interbedded with brown sandstones, sandy shales, and 
clay shales, and occasional tuffaceous beds continue to the top, the 
shale strata increasing proportionately upward. 

The correct thickness of the San Pablo has not been determined 
because the beds of the upper part are largely concealed by soil and 
may be marine Pliocene instead of Miocene, as determined paleonto- 
logically and mapped by the United States Geological Survey farther 
south in the eastern flank of the Diablo Range. 

West of Mount Diablo the top of the San Pablo is overlain by the 
Pinole tuff and presumed basal Pliocene. The Pinole thins out east- 
ward, permitting the Orinda, fresh water Pliocene, to rest on the marine 
San Pablo south of Mount Diablo. 


PLIOCENE SERIES 


Orinda formation.—The Orinda formation is composed of a series 
of locally conglomeratic sandstones, friable sands, limestone, clays, 
and tuffaceous beds of fresh or brackish water origin. The formation 
crops out in a broad belt in smooth, rolling foothills south of Mount 
Diablo. Similar surface conditions prevail in the outcropping Orinda 
area north of Mount Diablo, obscuring the lithologic and contact 
relations of the San Pablo and Orinda formations. The two forma- 
tions are both steeply uptilted in conformity with the Mount Diablo 
uplift. 
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TERTIARY VOLCANICS 
Andesite——Micaceous hornblende-andesite rocks have been mapped 
in a dozen or more localities, cutting the lower Cretaceous, Shasta 
strata east of Mount Diablo. They are found at various positions 
in these strata from near the base almost to the top. In most cases 
they occur in elongated dike-like masses a few hundred feet to a mile 
long, approximately parallel with the trend of the rock strata. In a 
few cases the exposures are round or ovate in outline. In one fresh 
exposure in a bluff of Marsh Creek the intrusion appears as a small 
oval plug-like mass, cutting across and partially metamorphosing the 
dark massive Cretaceous shale at the contact. 


Basalt.—An olivine basalt, remnants of surface flows, lies on the 
eroded surface of the Markley sandstone and is overlapped by recent 
terrace gravels and alluvium of Mount Diablo Creek valley, two to 
three miles northwest of the village of Clayton. This rock was erupted 
upon the eroded surface of late Tertiary or Oligocene strata, probably 
in early Quaternary time. The rock is gray to black, finely porous 
to vesicular lava, often showing flow structure. Remnants of a red 
vesicular basalt occur upon the dark basalt near the southern edge 
of the exposed area. 


STRUCTURE 
GENERAL DISCUSSION 

Mount Diablo district contains the most complete sequence of 
Jurassic, Cretaceous, and Tertiary rocks known in the central and 
northern Coast Ranges. A pre-Franciscan, presumably early Meso- 
zoic, complex of granitic rocks, crystalline limestones, and schist under- 
lies the Franciscan series in the San Francisco Bay district. It extends 
thence southward around the south end of the Diablo Range, joining 
the same or similar complex of the Tehachapi and Sierra Nevada 
Mountains, and doubtless underlies the Franciscan in Mount Diablo. 

The structural relations of each series in the systems described above, 
except the pre-Franciscan granitic complex, are displayed. Prelimi- 
nary to a description of the unique structure of Mount Diablo, a brief 
résumé of the structures antedating the Mount Diablo uplift will be 
given. 

RESUME OF STRUCTURE ANTEDATING MOUNT DIABLO UPLIFT 

The pre-Franciscan complex exposed in the San Francisco Bay 
district adjacent to Mount Diablo and farther south, upon which the 
Franciscan series was deposited, is a granitic batholith and includes 
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crystalline limestone and schist-remnants of older formations into 
which it was intruded. The same granitic mass is doubtless beneath 
the Franciscan of Mount Diablo. This granitic magma, believed to 
have been once the core of a mountain range in the position of the 
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Ficure 1.—Structural map of Mount Diablo and Sulphur Springs Mountain 


Showing upthrust mass of Franciscan complex through upper Jurassic and Cretaceous formations. 
(J) Franciscan; (K) Upper Jurassic and Cretaceous; (T) Tertiary. 


central Coast Ranges, was worn down to a low land prior to the deposi- 
tion of the Franciscan upon it. 

At the close of the Franciscan epoch, the 6,000 feet, more or less, 
of its strata in the north and central Coast Range region were involved 
in a period of mountain building and strong volcanic activity. The 
Franciscan strata suffered intense crumpling, shearing, and local met- 
morphism during and following the later stages of the vulcanism. The 
mountainous Franciscan area was worn down to the state of a pene- 
plain or low land on the approach of the Knoxville epoch, as indicated 
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by the nature of the basal Knoxville sediments. During the Knox- 
ville deposition of several thousand feet of shales and arkosic sands, 
the Franciscan basement rocks sank progressively in basins of deep 
depression through the central part of the north Coast Ranges. 

Beginning with the Knoxville epoch in late Jurassic time and ending 
with the Moreno epoch at the close of the Cretaceous, there were five 
epochs of subsidence and sedimentation throughout the Mount Diablo 
area. Progressively with the subsidence each basin was filled with 
similar deposits of arkosic sands and blue to olive clay shales, aggre- 
gating a maximum of 26,000 feet in thickness. Three periods of emer- 
gence with regional tilting and gentle warping and erosion separated 
the five epochs of deposition. During entire Cretaceous time, con- 
tinental land lay to the east between the Sierra Nevada and the 
Wasatch mountains, including the Great Basin region of Nevada and 
Utah. The character of the coarser sediments of the Cretaceous indi- 
cates that they were derived from that source. 

Following the close of the Cretaceous there was more active folding 
in the Coast Ranges. At this stage there was an upwarp of somewhat 
indeterminate character where Mount Diablo is now situated. It may 
have been a true though asymmetric anticline due to horizontal com- 
pression of the late Jurassic and Cretaceous strata or an upbowing 
of these by vertical elevation of an underlying block of the older com- 
plex. At any rate, several thousand feet of the Upper Cretaceous 
strata were eroded from the top of the structure before the area was 
submerged by Tertiary sediments. At the end of the Martinez and 
the Meganos, Eocene epochs, there were periods of emergence and 
erosion in the Mount Diablo district and farther south. During lower 
Miocene time there was regional emergence of the land in the Mount 
Diablo area. 

Following the close of Pliocene time Coast Range mountain building 
was accelerated with increased uplifting, folding, and faulting. At 
this stage the Mount Diablo uplift began, and during its progress, con- 
tinuing probably into late Quaternary, the Franciscan complex was 
thrust up through the Cretaceous in the apex of the structure. The 
Franciscan mass of Mount Diablo is the remnant of this upthrust 
complex remaining after the erosion of the Cretaceous from above and 
about it. 

STRUCTURE OF MOUNT DIABLO DISTRICT 

General statement—A comprehensive plan view of the structure 
of Mount Diablo and vicinity may be had by reference to the maps 
(Pl. 91, and fig. 1). Two distinct structural features stand out. First, 
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there is the great anticlinal fold which may be termed the greater 
Diablo anticlinal developed at the close of the Tertiary, as distin- 
guished from an earlier stage of the upwarping, which was partially 
developed and arrested following the close of the Cretaceous. Second, 
there is the Mount Diablo upthrust of an igneous and metamorphic 
complex through the upper Jurassic and Cretaceous strata in the center 
of the anticlinal. i 


Mount Diablo anticline —This structure involves the entire sedi- 
mentary series below the top of the Tertiary, aggregating not less than 
43,000 feet. Rising from the edge of the San Joaquin Valley south of 
Tracy, this anticlinal extends 55 miles northwesterly through Mount 
Diablo, across Carquinez Strait, and includes Sulphur Springs Moun- 
tains near its northwesterly end. The structure in plan is illustrated 
in Figure 1. The anticlinal fold is asymmetrical in the area of the 
Mount Diablo quadrangle and northwestward. The north limb is 
inclined at an average of about 40 degrees. The south limb is abnormal 
in that it is strongly flexed downward and locally overturned midway 
along its central longitudinal line. West of Mount Diablo a local 
syncline in the south flank adjacent to the Southampton-Sunol thrust 
fault is overturned toward the south. Farther on toward the north- 
west the Southampton fault cuts diagonally into the south limb of the 
anticlinal structure, where the strata are locally faulted and over- 
turned. This fault approaches the axis of the upfold at the west end 
of Sulphur Mountain. Southeast of Mount Diablo a local syncline 
is overturned toward the south and extends, finger-like, diagonally into 
the south flank of the structure. Farther southeast from the easterly 
border of the Mount Diablo quadrangle to San Joaquin Valley, the 
fold is more symmetrical, both flanks being inclined at about 30 
degrees. 

It has been surmised that pre-Tertiary faulting had developed along 
the south flank of the Mount Diablo anticline, near the present 
Cretaceous-Tertiary contact, in the course of the stronger flexing which 
developed in the progress of post-Tertiary folding. Evidence of this 
pre-Tertiary faulting has been negative. It is true that the Tertiary 
is unconformable upon the Cretaceous, but the strata on both sides 
of the seemingly normal contact dip at approximately the same angle. 

The cause for the asymmetry of this major anticlinal fold may 
reasonably be assumed to be the same as that which has produced the 
general Coast Range structure. The cause of the Coast Range struc- 
ture is now generally believed to be eastward subcrustal movements 
from the Pacific Basin, producing eastward thrusts in the crust as 
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evidenced by the character of the major faults and folds which trend 
sub-parallel to the Pacific Coast and the Coast Ranges.12 The Mount 
Diablo anticline is one of several major anticlinal structures which 
trend in echelon southeastward from the Coast Ranges into the San 
Joaquin Valley. The principal other such structures are the Coalinga, 
Kettleman Hills, Lost Hills, and Elk Hills anticlines. All are asym- 
metrical with the stronger warping in the west flanks. 


Local faults —There has been some local faulting in connection with 
the Mount Diablo anticlinal folding. Two local dip faults in the 
south side, southwest of Mount Diablo, displace a small block of 
Tertiary and Cretaceous strata southward about 1,000 feet. A similar 
fault in the north side of Mount Diablo displaces Cretaceous and 
Tertiary strata horizontally northward about a quarter of a mile on 
the west side. 


Marsh Creek fault——Another fault trace was located across the 
anticlinal fold about two miles east of Mount Diablo, transecting the 
structure diagonally. It curves eastward toward the south, follows 
approximately in the strike of the strata, and dies out or passes beneath 
the Tertiary 10 to 12 miles southeast of Mount Diablo. The north 
end of the fault trace appears to end at the Tertiary border. The 
effect of the faulting is a horizontal displacement of the rocks a mile 
southward on the east with respect to those on the west. Southeast 
of Mount Diablo, where the trace follows the strike, the effect is an 
overthrust southward of Shasta, lower Cretaceous, over Chico, upper 
Cretaceous, strata overturning the latter in part toward the south. 
All the faults thus far noted in the Mount Diablo area are local to 
the Mount Diablo anticlinal structure and are reasonably interpreted 
as the result of differential stresses incident to folding. 


Mount Diablo upthrust—Mount Diablo, as a topographic feature, 
has developed in the progress of the differential erosion of 20,000 feet, 
more or less, of Tertiary and Cretaceous strata from a conical mass 
of Franciscan rocks which had been thrust up through the axial zone 
of the Diablo anticlinal uplift. It is, at the same time, a structural 
feature of the same Diablo anticlinal fold and was primarily initiated 
and developed by the same deep-seated lateral stresses that were active 
during the development of the Coast Ranges. 


12 Bailey Willis: Structure of the Pacific Ranges, California [abstract, with discussion by 
R. T. Chamberlin, A. Keith, G. R. Mansfield, and G. W. Stose], Geol. Soc. Am., Bull., vol. 30 
(1919) p. 84-86; Structure of the Coast Ranges of California [abstract with discussion], Geol. Soc. 
Am., Bull., Vol. 31 (1920) p. 193. 


| 
- 
3 
| 


STRUCTURE 1099 


Before any of the sedimentary strata of the Mount Diablo district 
were deposited upon the Franciscan group it was a heterogeneous 
assemblage of massive diorite stocks, spheroidal lavas, serpentinized 
peridotite intrusives, and interstratified sandstones and thinly bedded 
cherts with laminated shale cut by numerous dikes of serpentine. As 
a whole, it was an assemblage of strong and weak components. How- 
ever, when it became submerged beneath five miles of sediments, as it 
was at the end of the Tertiary, and then subjected to mountain building 
stresses it moved as a plastic mass in the direction of least resistance. 
After the end of the Tertiary and during the development and erosion 
of the Diablo anticline, a mass of the Franciscan, sub-circular in out- 
line and approximately four miles in diameter, was forced upward 
as a fault plug into or through the apex of the structure. Secondarily, 
it may be assumed, as a working hypothesis, that the upward move- 
ment of the Franciscan plug may have been facilitated by the progres- 
sive unloading of approximately five miles of strata by erosion from 
the axial belt of the uplift. 

The character of the faulting along the Franciscan contact is unmis- 
takably evident from the field surveys, as illustrated by the map and 
sections (Pl. 91). The fault transects the strata of the sedimentary 
rocks progressively through the Knoxville, Shasta, and lower Chico 
series, 10,000 feet or more thick, and without material distortion of 
the strata from the general anticlinal structure. The extent of the pro- 
trusion of the Mount Diablo Franciscan plug through later Cretaceous 
and Tertiary strata is not determinable because these strata, aggre- 
gating upward of 20,000 feet, have been removed from the central part 
of the anticline around the mountain, and an unknown volume of the 
Franciscan rocks has been eroded. 

That there has been differential upward movement also of the 
eastern metamorphic section of Mount Diablo, including Mount Diablo 
Peak and North Peak, in late Quaternary time is suggested by 
two physiographic features—gravity faulting and stream diversion. 
Gravity faults or landslides, geologically recent, have developed on 
all sides of the metamorphic segment of the mountain. Slides on the 
north side of North Peak and the southwest side of Diablo Peak, a 
mile to a mile and a half in length and of unknown depth, extend 
over the eroded edges of the adjoining sedimentary series. Diversion 
of the drainage of Marsh Creek at the northeast base also suggests 
a recent elevation of the mountain. Marsh Creek flows northwesterly 
in a narrow canyon-like valley, a distance of seven miles, approaching 
the northeast base of the mountain in a wide, graded valley and then 
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flows eastward through a deep and sharp canyon. During an earlier 
stage, Marsh Creek, it is believed, flowed around the north end of 
Mount Diablo, taking the course of Mount Diablo Creek northwest- 
ward to Suisun Bay until diverted eastward by the rise of the Fran- 
ciscan metamorphic mass, together with adjacent Cretaceous strata. 

Mount Diablo is perhaps a typical example of this class of upthrust 
faulting in the Coast Ranges. Others not so conspicuous, however, 
have been noted in Sulphur Spring Mountain toward the northwest 
end of the Diablo structure, near New Idria in southwestern Fresno 
County, and in the vicinity of Devils Den, northwestern Kern County, 
where Franciscan serpentine masses have been thrust by faulting 
through upwarped Cretaceous strata. 
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INTRODUCTION 


The general application of data from the studies of the rates of dis- 
integration of radioactive elements to the dating of geologic history 
has been presented comprehensively in Bulletin No. 80 of the National 
Research Council. 

The present paper reports results obtained from the first detailed 
application of the helium method to a suite of rocks taken at widely 
distributed points within a single horizon. These results fully justify 
Arthur Holmes’ optimistic outlook for the helium method as a means 


* Manuscript received by the Secretary of the Society, March 23, 1935. 

+ Contribution from the Research Laboratory of Physical Chemistry, Massachusetts Institute 
of Technology, No. 351. 

1E. W. Brown, A. Holmes, A. Knopf, A. F. Kovarik, and C. Schuchert: Physics of the earth. 
IV. The age of the earth, Nat. Res. Coun., Bull. 80 (1931) 487 pages. 
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of building up a time-scale which, because of the availability of mate- 
rial, should become far more detailed than any which the lead method 
alone might yield. Moreover, we now have a method of correlating 
flows, sills, and dikes without recourse to individual radioactive min- 
erals so often absent from formations of interest. Results for other 
horizons have been obtained but are withheld the better to coordinate 
later. 
GENERAL THEORY OF RADIOACTIVE METHODS 


It is well known that certain of the heaviest elements are not stable 
even under the present physical conditions of the earth. The greater 
number of elements in the periodic system are supposed to be stable, 
but whether all are undergoing auto-transmutation is irrelevant to the 
present arguments, since we know that the rates, apart from the three 
well known series of uranium, thorium, and actinium, are too low to 
disturb the results. Of the elements below thallium only three have 
been definitely found to disintegrate. 

Each of the elements uranium, thorium, and actinouranium disinte- 
grates through a series of radio-elements until the lead atom is formed. 
The loss of weight between the parent atom and the stable end-product 
is accounted for by a succession of helium atoms, eight in number in 
the case of the uranium series, ejected from the nuclei as fast-moving 
charged alpha particles, which travel a given distance—about 35 microns 
in rocks—before being robbed of their charge and abnormal velocity 
and settling down as normal helium atoms. The mean statistical rate 
of these disintegrations is a constant physical quantity; hence, there 
will be a relation between the amount of the parents of the series and 
that of the final products, helium and lead, which is some function of 
the time elapsed since accumulation of the end-products commenced. 
This initial time is presumably given by the date of formation of the 
particular rock or mineral, since in the case of the helium relation 
applied to igneous rocks, we have fairly conclusive evidence that any 
previously generated helium is lost from the molten flow. On cooling, 
the accumulation of the helium commences. 


HELIUM METHOD 
GENERAL STATEMENT 


Reference to “Helium and the Problem of Geologic Time,” where 
the present status of the helium method and its relation to the other 
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radioactive methods has been given, will satisfy any inquiries as to 
details of the various methods and the arguments for the constancy 
of disintegration. 

RELIABILITY 

The applicability and reliability of the helium method have been 
fully dealt with by Urry in the above mentioned publication, by 
paralleling the points enunciated by Kovarik * in setting out the con- 
ditions and requirements for the related problem of the lead method. 
It is here only necessary to summarize the conclusions. 

In working upon iron meteorites, Paneth and Urry * found that the 
loss of helium in vacuo at temperatures as high as 1000° C. was com- 
parable to the surface content and therefore negligible within the ex- 
perimental error. The work was extended in a preliminary manner 
into the field of the terrestrial native metals by determinations on the 
Keweenawan native copper of Michigan. This work paved the way 
for the application of the method to igneous rocks in which the radio- 
active content is so low that the volume of helium produced even in 
very old rocks is an insignificant fraction of the whole. Some pre- 
liminary results showed that the method yields time values, at least 
for the fine-grained basalts, comparable with those based on both lead 
ratios, and on the rate of accumulation of sediments, and warranted 
the present investigation on a series of basalts which should determine 
the nature of the dependence of the results on geological and mineral- 
ogical conditions. Other types of rocks have been little investigated, 
so that we can at present only state that the helium method is applicable 
to the native metals, and to the fine-grained fresh basic rocks containing 
not more than 5x 10~ cc. helium per gram. 

HISTORICAL BACKGROUND 
R. J. Strutt (Lord Rayleigh) was the first to show a definite corre- 


lation between the accumulation of helium in minerals and their con- 
tent of the radio-elements.° Much of the material chosen was of such 


2W. D. Urry: Helium and the problem of geologic time, Chem. Rev. (1933) p. 305-343. It is 
necessary now to modify the statement on page 308 relating to the pleochroic haloes in that the 
recent excellent quantitative studies of these haloes by Henderson and his co-workers [G. H. Hen- 
derson and S. Bateson: A quantitative study of pleochroic haloes, pt. 1, Roy. Soc. London, Pr., 
ser. A, vol 145 (1934) p. 563; G. H. Henderson and L. G. Turnbull: A quantitative study of pleo- 
choric haloes, pt. 2, Roy. Soc. London, Pr., ser. A., vol. 145 (1934) p. 582; G. H. Henderson: A new 
method of determining the age of certain minerals, Roy. Soc. London, Pr., ser. A., vol. 145 (1934) 
p. 591.], in addition to substantiating the views regarding the constancy of disintegration during 
geologic time, have added another radioactive time clock particularly adapted to the older minerals. 

3 A. F. Kovarik: Calculating the age of minerals from radioactivity data and principles, in Age of 
the earth, Nat. Res. Coun., Bull. 80 (1931) p. 74. 

4F. Paneth and W. D. Urry: Heli: t hungen IX, Zeit. fiir Physik. Chem., abt. A. 152, 
bd. % Heft (1931) p. 127. 


5From 1905 until 1911 R. J. Strutt published many papers containing valuable results which 
have been conveniently tabulated in Nat. Res. Coun., Bull. 80 (1931) p. 400-407. 
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radioactive content, however, that the volume of helium generated would 
have constituted a considerable fraction of the whole, and hence the 
method was regarded as yielding only minimum ages. However, indi- 
cations of a trend toward truer results are noticed in Strutt’s values 
for the iron ores. From 1911 until 1927, when Paneth and his co- 
workers * commenced an investigation of the errors arising in the deter- 
mination of small quantities of helium and the extension of its detection 
to quantities as small as 10° cc., nothing of further significance was 
reported. Paneth’s application of the helium method was chiefly con- 
fined to the iron meteorites. In 1929 Professor Arthur Holmes applied 
the method to the igneous rocks with the cooperation of Professor Paneth 
and Professor Mache. Their preliminary results were very gratifying, 
although perhaps suffering from the defect that the various measure- 
ments were made on separate samples, owing to the necessity, at that 
time, of making the various determinations in different laboratories. 
Their eight results on four horizons have been tabulated in “Helium 
and the Problem of Geologic Time,” with the appropriate geological 
descriptions, and may also be found in the National Research Council 
Bulletin No. 80. Unfortunately, the European work has been tempo- 
rarily interrupted. 

In 1931 the writers began collaboration, with a view to establishing 
the method on a suite of basalts. The Keweenawan flows of Upper 
Michigan seemed admirably adapted to this purpose, on account of 
the availability of specimens from great depth and many localities. 
The deep waters, being stagnant, would minimize the effects of weather- 
ing and water circulations. By studying the same flow at surface and 
great depth the possibility of a cosmic ray effect on radioactive disin- 
tegration could be investigated. However, no such effect was found. 
In addition, the region has been carefully studied by Lane. 


RADIO-ELEMENT CONTENT OF THE IGNEOUS ROCKS 


The radioactive minerals, with up to 80 per cent uranium and a 
consequent generation of helium, which may exert very high internal 
pressures in the crystals, contrast sharply with the igneous rocks and 
common minerals, as shown in Table 1, which gives the rough limits 
of their radium (uranium), thorium, and helium content. 

The rough relative proportion of the radioactive atoms to the whole 
is given in the third column and an average for the basalts in the fourth. 


¢F. Paneth and K. Peters: Heli t hungen I, Zeit. fiir Physik. Chem., vol. 134 (1928) 
p. 353; Heli t h II, Zeit. fiir Physik. Chem., abt. B. 1 (1928) p. 170; Heliumunter- 


suchungen ‘III, Zeit. fiir Physik. Chem., abt. B. 1 (1928) p. 253. F. Paneth, H. Gehlen, and P. L. 
Giinther: Heli t hungen V, Zeit. fiir Elektrochem., vol. 9 (1928) p. 83. F. Paneth and 
W. D. Urry: Heli t h VIII, Zeit. fiir Physik. Chem., abt. A. 152 (1931) p. 110. 
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The proportion of helium atoms naturally varies according to the age 
of the rock. These radioactive atoms in all probability exist as foreign 
atoms in the usual crystal lattices of the ordinary constituents of the 
rocks. They may be termed minute contaminations, whereas they are 
real constituents in the radioactive minerals where they form their own 
crystal lattices. The fine-grained rocks probably cool sufficiently rap- 


Taste 1.—Limits of the radiwm (uranium), thorium, and helium content of rocks 
and common minerals 


Atomic proportions 
Atoms per billion (10°) 
Proportions 

General | Basalts (av.) 
0 — 3x10~* ee/gram 0- 500 0-500 
(Uranium)........... 2x10~5 gr/gram 4-3000 120 
1xl10~7_ — 5x10~5 gr/gram 15-7500 200 


idly to effect the freezing-in of these foreign atoms inside the lattices 
of the constituent minerals, even though they normally strain such a 
system, whereas the slower-cooling, coarser-grained masses provide 
sufficient time for a migration of such atoms to the crystal surface, 
where the distorting forces are smaller. In some minerals, of course, 
it is possible that the heavy radioactive atoms can replace certain 
common atoms without distorting the lattice. This hypothesis would 
account for the fact that the coarser rocks yield lower ages, because 
of the greater possibility for the leakage of helium from points on the 
surface of the individual crystals. When the helium generated within 
the lattice exceeds a certain limit there is a mechanical rupture and 
again a greater possibility for the loss of helium along the new bound- 
ary. Data exist? showing that helium does not diffuse through single 
crystals, at least of quartz and mica; it might be inferred that the 
opposite is true and that the helium generated within a single crystal 
is completely retained until such time as the crystal mechanically 
breaks down under the strain of too many generated helium atoms. 
A single radioactive atom is limited in the number of helium atoms 
it produces before becoming lead (eight for uranium to lead); hence, 
there should be some fixed radioactive content for a given lattice below 


7W. D. Urry: Further studies in the rare gases. II. The diffusion of helium through crystalline 
substances and the molecular flow through rock masses, Am. Chem. Soc., Jour., vol. 55 (1933) p. 3242. 
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which no mechanical breakdown occurs and the helium is completely 
retained. 

It is today possible to determine the lead content of the ordinary 
rocks, and therefore it is conceivable that the lead ratio might be 
obtained. Unfortunately, in the cases where the lead has been meas- 
ured in rocks of known age and radioactive content, it has been found 
that the radiogenic lead is far exceeded by the common lead; in many 
cases the radiogenic lead can only be of the order of one per cent of 
the total lead content. There is in the crust of the earth a general 
dissemination of lead unconnected with, at least, present radioactive 
processes. This is of the order of 10° to 10 gram per gram, and, 
although negligible in the case of most of the radioactive minerals 
analyzed for lead ratios, is sufficient to mask effectively the radiogenic 
lead produced in the rocks. Until all the measurements necessary to 
determine the proportions of the different kinds (isotopes) of lead— 
which cannot be done by chemical means—have been highly refined, 
the lead method is inapplicable to the igneous rocks. 


EXPERIMENTAL TECHNIQUE 


Obviously the determination of such small quantities of matter can- 
not be done by the usual chemical methods. Fortunately the disinte- 
gration of radioactive atoms releases very large energies in the form 
of ionisation of the gas through which the alpha particles pass, and 
the effect of the passage of even a single alpha particle can be recorded 
electrically. From the laws of disintegration the amount of the radio- 
element to be measured can then be calculated. Owing to the fact 
that an equilibrium is established between the successive steps from 
the parent to the lead in a certain time, which is negligibly small com- 
pared to the age of all but the most recent geologic formations (10° 
years), it is possible to measure any member of the series and calculate 
the amount of uranium or thorium present. A description of these 
methods and of the physico-chemical method of determining helium is 
to be found in the aforementioned article by Urry. The computation 
of the age is there dealt with in detail and also the effect of the con- 
tribution of helium from the actinium series, which is not measured 
but can be computed from our present knowledge of the connection 
of this series with the uranium series. The final equation used is given 
here for the sake of completeness: 


4.518 X 10°°He 


t (age in years) = 1.515 X 10° log,, E a Ra + 9.17 X 10°Th 
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where the helium is measured in ccs per gram, the radium and thorium 
in grams per gram, these being the present day values. The probable 
errors given in the tables are obtained from the usual differentiation 
of this equation. 

THE KEWEENAWAN 


AGE OF THE FLOWS 


As has already been mentioned, in addition to the all-important ques- 
tion of the age of the Keweenawan and the close of the pre-Cambrian 
the present investigation has a second object in view—namely, to cor- 
relate the results with geologic relations, such as position and depth 
in a mine, past history of the specimen such as exposure, presence of 
circulating waters, and grain size. Table II appears to show undue 
fluctuations from the final mean value assigned to the Keweenawan. 
Several specimens could obviously have been set aside as unsuited but 
were important to show the extent of the deviations caused by these 
varying conditions. 

The helium, radium, and thorium determinations have been made on 
the same sample by arranging for the flux from the vacuum furnace 
of the helium apparatus to be worked up chemically to obtain the 
suitable solution for the thorium measurement and the same solution 
employed for the determination of radium. All the specimens except 
those from the Quincy mine, Gogebic and Noranda dikes, and one 
Calumet and Hecla collection specimen were taken by Urry in July, 
1931. 

In Table II are compiled the data necessary for the computation of 
the ages given in the last column. When one of the constituents can 
be assigned only a maximum value, a maximum and minimum limit 
to the age can still be given. The high radium and thorium content 
of Nos. 17 and 25 agrees with a rough correlation between the radio- 
element content and basicity, these two specimens being felsitic.® 

In Tables III and IV the ages have been analysed with a view to 
observing the effect of the varying geologic conditions. The exact 
locations of the specimens are therefore given.®° 


8A rough paralleling of the radium content of rocks and certain of their major constituents was 
early observed, but it still remains to establish such a correlation quantitatively. See, however, 
Hilde Réssner: Ueber den Radiumgehalt der Gesteine des Gleinalpenkerns, Min. und Pet. Mitt., 
bd. 44, Heft 6 (1933) p. 495. Such a quantitative connection would be a useful tool in problems of 
magmatic differentiation. See Gogebic dike results, Table VI. 

® For the geological description and maps of the district, reference may be made to—B. S. Butler 
and W. S. Burbank: The copper deposits of Michigan, U. S. Geol. Surv., Prof. Pap. 144 (1929) 
238 pages; A. C. Lane: The Keweenaw Series of Michigan, Mich. Geol. and Biol. Surv., Pub. 6 


(1911) 983 pages. 
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The grain size is given on a comparative scale for this particular 
suite of rocks.1° The coarsest would be of the order of 2 mm. The 
results for Nos. 26 and 27 Ph are of interest in supporting the funda- 
mental hypothesis of the non-migration of helium, particularly from 


TaBLe 2.—Age of the Keweenawan trap rocks 


Specimen He x 10° Ra x 10% Th x 10° Age Millions 
No. cc/gram gram/gram gram/gram of Years 
1 1.36 + 0.03} 0.33 + 0.06| 0.7 + 0.20 405 + 50 
3 3.27* -.06 | 0.90 .08 | 0.98 .12 520 25 
5 8.09 .16 | 2.62 .09 ; 1.30 .12 600 15 
6L 5.55 .28; 1.79 .08 | 1.24 .19 540 30 
7 5.45 .22| 3.73 .07 | 1.00 15 340 20 
8 7.80 .31 | 3.23 .07 | 1.01 15 535 20 
9 1.50 .02 | 0.71 .02 | <.40 .... | >400 <630 
11 6.82 | 2.44 .09 |} 1.67 490 + 20 
12 9.28 19 | 4.16 .06 | 2.00 .24 450 15 
14 11.23 34} 3.21 .06 | 2.40 .22 585 20 
16 299 .15| 1.10 08] 1.14 17] 405 20 
17 23.54 .70 | 7.23 .07 | 6.75 .40 500 15 
18 2.42 10} 0.57 .07 |} 0.81 .12 530 35 
19 1.94 .04 | 0.57 .06 | 0.65 08 480 25 
20 2.47 .05 | 0.74 -.06 | 0.68 12 520 30 
22 3.16 -16| 0.97 1.10 460 30 
23 20.00 .40 | 0.79 .05 | 3.68 .22 | 1290 45 
24 20.20 .70 | 1.29 08 | 3.63 23; 1190 45 
25 1.69 -03 | 4.71 .05 | 11.0 .39 32 1 
26 5.36 .22 1.15 -.06 1.73 15 555 25 
27Ph 2.30 16] 0.58 .09 | 0.63 .16 565 60 
28 3.40 07 | 1.54 .07 | 1.79 45. 310 25 
31(K) 1.45 .02 | 0.88 .07 | <.20 >400 <475 
31(C) 1.45 -10| 0.87 .03 | 0.10 435 + 60 


* The median determinations (of which there are as many greater as less) are 
underscored. 


one crystal to another. No. 26 is a given trap rock described in Table 
III and having a helium, radium, and thorium content given in Table II. 
No. 27 Ph is an analysis of a single phenocryst in the same mass. The 
radium and thorium content of this phenocryst is a little less than half 
that of the trap rock, and the ages are in good agreement. It therefore 


10 Shown in plates IV to VII of Publication 6, and plates 56 to 60 of Professional Paper 144. 
op. cit. 
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follows that there could have been no migration of helium either way 
between the trap rock and its phenocryst. Similar evidence of the 
non-migration of helium in traps will be noted in the case of the Gogebic 
Range dike. 

In Table II, of the surface and upper level specimens, only the 
freshly dumped material derived from lower levels (26 and 27) yields 
values comparable with the mean of the lower level results, but ap- 
proaching this are the dry upper level specimens. It must be remem- 
bered that the upper levels of most of these mines have been open for 
long periods; hence, material selected from the exposed surfaces of 
the upper levels is comparable with outcrop specimens. Freshly blasted 
quarry or road-cut material seems to be as reliable as the lower level 
Keweenawan. Outcrop specimens yield low values, and still lower 
values (25 per cent low) are obtained on material long exposed to 
surface waters. The drill core No. 7 is of doubtful position in the flow 
and is within the range of upper circulating waters. A much deeper 
drill core, No. 8, from the same hole gave a value agreeing well with 
the selected Keweenawan material. 

Of the thirteen lower mine level results in Table IV only four have 
been excluded from the mean. One—the Calumet Conglomerate pebble 
—is not necessarily of Keweenawan age. If the mineralising solutions 
left this pebble relatively unattacked, as seemed to be the case, and if 
the heat of the surrounding flows did not disturb the previously accumu- 
lated helium, the result of 500 million years is indicative of the con- 
temporaneity of at least some of the conglomerate pebbles with the 
Keweenawan itself, as has been suggested. In view of the many pos- 
sibilities for slight discrepancies, which are not included in the strictly 
mathematical probable error, the remaining lower mine level results 
are reasonably constant. The mean of these results, 530 million years, 
is also the median and has been chosen as the age of the Keweenaw 
Point basalts. 

So far, it is to be noted, values deviating from this mean value are 
capable of plausible explanation. There are, however, four results 
difficult to interpret. Three of these, two too large and one too small, 
represent flows; the fourth, too high, represents the calcite amygdules 
given in Table V. There are several possible explanations of the high 
values, but while these results are of interest in problems of radio- 
activity it would be premature with so few abnormal results to decide 
between explanations here. If further “high” values occur it will be 
necessary to investigate the material very carefully to arrive at the 
most probable explanation. The rather unaccountable low result is 
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that for the Mesnard epidote, No. 25, an altered felsitic volcanic ash 
largely replaced by epidote, a specimen from the Calumet and Hecla 
collection. An explanation of the very low age would be forthcoming 
if this felsitic ash had remained in an amorphous state until the 
Miocene, since the glassy materials do not retain helium but come 
to equilibrium with the atmospheric helium and neon.?! 


AGE OF SPECIFIC MINERALS FROM THE FLOWS 


The reliability of the method applied to certain classes of minerals 
has yet to be proved. Regarding the amygdules of the Keweenawan 
flows (Table V) the anomalous value of No. 6 has already been men- 
tioned. Exluding No. 2 from the Champion mine third level, where 
much water had accumulated (compare with No. 1, Table III), the 
remaining two values would indicate that at least some of the mineral- 
ization was almost contemporaneous with the lava flows. The larger 
probable errors are due to the smaller amounts of material available. 

The datolite from the Ow] Creek fissure contains finely disseminated 
copper and immediately follows the copper in order of deposition.'? 
The one age obtained would seem to show an early deposition of the 
copper and the accompanying minerals. The results on prehnite 
(Specimen 40), which is probably slightly earlier than the datolite, 
demonstrates the effect of intense weathering. The barite also gives 
a surprisingly low value, especially since the material appeared to be 
quite fresh. It is known to have been one of the last minerals formed, 
and the low age may indicate continued mineralization in the con- 
glomerates whence the barite was obtained. 

Unfortunately, the copper lacks the age indicator and several at- 
tempts to determine the radium and thorium content have shown 
nothing above the present lower limits of measurement. The order 
of magnitude of the helium present in 30 grams of the copper has 
been found, and assuming an age about that of the datolite it can 
be calculated that the radioactivity content falls well below the present 
measuring limits, a situation which has been found in only one other 
specimen, an iron meteorite. 


AGE OF GOGEBIC AND NORANDA DIKES 


To illustrate the possibilities of the method in dating and corre- 
lating widely separated, unknown or doubtful formations, several de- 
terminations were made on two dikes (Table VI), one, the Horne mine, 


11F, Paneth, K. W. Petersen, and J. Chloupek: Heli: t hungen VI, Berichte, vol. 62 


(1929) B. 801-809. 
12 For the mineralogy of the district see B. S. Butler and W. S. Burbank: op. cit., p. 53-62, 


largely from the notes of C. Palache and A. Wandke. 
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younger north-south diabase dike which was thought to be Keweenawan 
in age,’* the other a Gogebic dike, also considered to be Keweenawan."* 
The Horne mine dike, where the determinations substantiate the Kewee- 
nawan age on comparison with the mean value for the Keweenaw Point 
basalts, showed an apparent, though possibly not real, small variation 
in the results, depending upon the distance from the chilled margin. 
For this reason, five runs were made on the Gogebic Range dike at 
three distances from the chilled contact. Although no similar effect 
showed in this dike, some even more interesting points developed. 
In specimen 1A the helium, radium, and thorium were all determined 
on the one sample, and the age is in close accord with the following 
three determinations. In the case of sample 1 from the same hand 
specimen of the chilled zone, the radium and thorium were determined 
and the helium assumed to be the same as in 1A. The result is con- 
siderably lower than the other values, illustrating the error of this 
procedure and the necessity of making all the determinations on the 
same sample, even in a small hand specimen. 

Still more important is the evidence derived from these results vali- 
dating in a direct manner the application of the helium method to 
igneous rocks. It is to be noted that with distance across the dike, 
large variations occur in the radium and thorium content. If there 
was a general migration of helium to some uniform concentration, 
the ages derived would differ among themselves by several hundred 
per cent. Even a small partial migration would be sufficient to throw 
the results out of agreement. The helium, therefore, must remain 
in situ, closely associated with its parents, uranium and thorium. It 
is probable that the somewhat higher values obtained for this Kewee- 
nawan dike are real and that the dike is earlier than the flows on 
Keweenaw Point. 

GEOLOGIC RELATIONS 

The geologic relations of the Keweenaw lava flows have been fully 
described.1> The locations range from the Bohemian Range group up 
into the Ashbed and Central Mine groups, from conglomerate 3, 

18 Description in Peter Price: Geology and deposits at Horne Mine, Canad. Min. Inst., Pr. 


(March, 1934); discussion by M. E. Wilson (August, 1934) p. 389-390. 
4H. R. Aldrich: The geology of the Gogebic Iron Range of Wisconsin, Wis. Surv., Bull. 71 
(1929) p. 94-97, 103-104, 110-112, 170-176. 
15C, R. Van Hise and C. K. Leith: Geology of the Lake Superior Region, U. S. Geol. Surv., 
Mon. 52 (1911) p. 381-399. 
A. C. Lane and A. E. Seaman: Notes on the geological section of Michigan. I. The Pre- 
Ordovician, Jour. Geol., vol. 15 (1907) p. 680-695; Mich. Geol. Surv., Rept. for 1908 (1909) p. 21-42. 
A. C. Lane: The Keweenaw Series of Michigan, Mich. Geol. and Biol. Surv., Pub. 6 (1911) 
983 pages. 
B. 8S. Butler and W. 8. Burbank: op. cit. 
H. R. Aldrich: op. cit. 
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which is the horizon of the Champion Mine, up through the Wolverine 
sandstone (Conglomerate 9 just under the Kearsage Lode), the Calu- 
met conglomerate (Conglomerate 13) and the Mesnard Epidote (Con- 
glomerate 16) to the horizon of the Quincy and Atlantic mines 
(Conglomerate 17). This covers some 8500 feet, of which, however, 
only 479 feet is estimated to be sediment. While the sediments are 
often derived from underlying beds—this is one argument for their 
being a land formation—there is no sign of profound weathering or 
erosion of the beds beneath. Thus it is not surprising that there is 
no difference in age greater than the probable error. However, the 
average of the best Champion mine determinations (Specimens 3, 5, 
6) is 560 million years, whereas the foot wall trap of the Atlantic at 
the top of the section gives 535 million years. 

With regard to the two dikes it will be noted that the average age 
of the Horne Mine Noranda dike is 510 million years while the Gogebic 
mine dike comes out 565 million years. Since the probable error of 
the observations is some 25 million years, they might be of the same 
age, and yet the chance that the age of the Gogebic dike is too great 
and the Noranda dike too small is only one in four. Thus it is probable 
that the Gogebic dike is really older, though it is one of a series that 
have generally been called Keweenawan,'* and that the Noranda dike 
may be correlated with the late injection of magmas which Aldrich 
describes,” since it is the youngest igneous rock in the Noranda."® 
According to a private communication from L. M. Scofield, the Gogebic 
dike here investigated belongs to the normal dike series which cuts 
the Upper Huronian but is displaced by the range fault referred to 
as caused by late Keweenawan intrusions.’® 

On the whole, the age data fit very well with the state of affairs 
described by Aldrich—that Gogebic dikes are Huronian or early 
Keweenawan dikes which have been sheared during a deformation, 
the last stages of which were followed or accompanied by the injection 
of magma, which the Noranda dike may be taken to represent. 

The results point to the Gogebic dike as oldest, possibly of Huronian 
age. Between 565 and 560 million years ago the Keweenawan began, 


16 W. O. Hotchkiss: The Lake Superior geosyncline, Geol. Soc. Am., Bull., vol. 34 (1923) p. 673. 
In his article in the Engineering and Mining Journal of September 27, 1917, Hotchkiss 
considers most of the dikes pre-Keweenawan. 
W. C. Gordon and A. C. Lane: A geological section from Bessemer down Black River, Mich. 
Geol. Surv., Rept. for 1906 (1907) p. 494. 
17H. R. Aldrich: op. cit., p. 94-95, 111, 114. 
18 Peter Price: op. cit., p. 115, 116, 188-140, and especially p. 122, fig. 8. 
2H. R. Aldrich: op. cit., p. 173-174. 
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THE KEWEENAWAN 


and 510 million years ago had its latest known igneous invasion under 
cover of 11,000 feet of sediments. 

The widespread disturbances 590 odd million years ago recognized 
by means of the South African minerals of Katanga and Morogoro 
would precede the Keweenawan. But we must not forget the large 
probable error, to be reduced by further work! © 


RELATION TO WATER CIRCULATION 


It will be noted that many of the samples which were taken from 
above the level of the “stagnant” salt waters that are usually found 
not less than 1500 feet down—Specimens 1, 8, 9, 11, 17, 22, 28, 29, 
and 31 in the Table of Surface and Upper Level rocks, also Specimen 3 
and from the dumps of uncertain origin, 37 and 40—generally have a 
lower helium ratio and consequently a less computed age—between 
310 and 490 million years. 

One may ask whether the helium ratios of specimens of basalts from 
road-cuts or roadmetal quarries should not be compared with these 
from upper mine levels. No. 8, a drill core 838 feet down in the hole, 
725 feet from the surface, gives the average age of the deeper speci- 
mens. This is a fine-grained porphyrite (andesite) tending toward 
the felsite, and it is not surprising to find in it thrice the median amount 
of radium, about the median amount of thorium, and twice the median 
amount of helium. Thus it seems to be free from the effects of perco- 
lating waters and gives a good value for the age. 

As to the minerals the indication of Table 5 is that they are not 
notably younger than the lavas in which they occur. This agrees with 
the general impression as to zeolitic occurrences, that the filling of 
vesicles follows not long after the effusion of the lavas. 

The specimens from the “lodes,” permeable amygdaloids and con- 
glomerates, show no systematic difference in age as compared with 
adjacent traps. 

Prehnite easily weathers on the dump. No weight can be given to 
the single determination (Specimen 40). 

The low age of the barite already mentioned has a twofold interest. 
It suggests that there was no radium present to crystallize out with 
the barium. Secondly, it is about the only fact that would even suggest 
any mineral rearrangement, during a Tertiary uplift for instance. 
Sulphates are rare in the mines and among the last minerals formed. 

With regard to this less age of the barite and specimens from the 
lodes and upper lavas, while it may be due to the loss of helium there 
is another explanation not to be forgotten. If we attribute some of 
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the deposition of the copper to the dilution of solutions, as R. C. Wells 
suggested, and adopt the theory held by Lane and recently favored 
by Ahlfeld *° for the Corocoro lodes, that the native copper lodes are 
not epigenetic, but formed by waters imbibed in the strata and cir- 
culating largely downward, it might well be that some of the low ages 
obtained are at least in part due not to leakage of helium, but to a 
slow migration downward and rearrangement of the minerals long 
after the extravasation of the lava flows. 


BASE OF THE PALEOZOIC 


It has been customary, following Barrell,”* to put the beginning of 
the Cambrian and the Paleozoic as 550 million years ago. In that 
case all these rocks, except the Gogebic dike, would be Cambrian. 
But since the Swedish kolm, which is near the top of the upper Cam- 
brian, is 420+20 million years old,” this would make the Cambrian 
last over 100 million years. 

This is much longer than other periods or than the cycles of strain 
and relief which Joly, Holmes, Kirsch, and Schuchert have suggested.?* 
Since, however, above the horizon of the Atlantic Mine in the upper 
Keweenawan there are some 11,000 feet of sediments,”* not counting 
lava flows, which seem to pass conformably up into the upper Cam- 
brian, we can easily agree with C. K. Leith ** when he says that the 
“Keweenawan sedimentation probably continued to, or nearly to, the 
arrival of the Upper Cambrian sea, and that it may be, in part, the 
time equivalent of Lower or Middle Cambrian deposits elsewhere.” 
Still we shall not pretend to say whether the beds of the Central Mine 
Group are Cambrian or not, for before any conclusion is drawn as to 
how much of the Keweenawan should be considered Cambrian it would 
seem wise to have data such as we have obtained on Keweenaw Point 
from regions where the Olenellus fauna of the Lower Cambrian occurs— 
the Purcell lavas and some around Killarney and in particular the type 
section in Wales, including the Pebidian, which Archibald Geikie 
always classed as Cambrian. 


2 von Ahlfeld, F.: Separat Abdruck aus dem Centralblatt fuer Min., etc., abt. A, no. 11 (1933) 
p. 373-382. 

21 Charles Schuchert: in Age of the earth, Nat. Res. Coun., Bull. 80 (1931) p. 49. 

22 A.C. Lane: Report of the National Research Council Committee on measurement of geologic 
time for 1984 and previous years. 
23 Arthur Holmes: Radioactivity and geological time, Nat. Res. Coun., Bull. 80 (1931) p. 440. 
% A.C. Lane and A. E. Seamen: op. cit., p. 35-38. 
2% C. K. Leith: The Pre-Cambrian, Geol. Soc. Am., Pr. (1933) p. 168. 
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THE EPALGOMAN PENEPLANATION 


In a recent paper, A. C. Lawson ** has made some estimates as to 
the duration of the “Eparchean’” or “Lipalian” interval, which he 
defines as the time required to produce peneplanation of the great 
mountain-making Algoman that involved the intrusion of the Algoman 
granite and the orogenic deformation of all the formations before the 
Animikie. This peneplain, he believes, antedates the Animikie and 
Keweenawan. He does not seem to consider that any coeval strata 
have been found, though he estimates that a thickness of something 
like 12.25 kilometers of rock have been removed in the process, and 
assuming a mean rate of removal about that of the Mississippi Basin, 
one foot in 5415 years, he figures that it may have taken 218 million 
years. Here are three assumptions, beside that of isostasy, of which 
he grants that “the validity is doubtful.” One may wonder if the 
pre-Cambrian land surface had as protective a mantle of vegetation 
as the drainage basin of the Mississippi at present, and whether some 
of the peneplanation may not have taken place while Animikie beds 
were being deposited. However, taking his figures as they stand, one 
would have to add to the age of the Cambrian, which is somewhere 
between 420 and 530 million years, the time of formation of the 
Keweenawan and Animikie and 218 million years more to reach the 
approximate age of the minerals associated with the Algoman granites. 
This would imply ages from 650 to 750 million years up—Pb/U ratios 
of .09 to .11. We have such ratios in Canada (the Besner Mine urani- 
nite and coracite) and elsewhere, and in fact we have in rocks generally 
classed as pre-Cambrian, Pb/U ratios down to .08 (575 million years). 

These data as to the age of the Keweenawan fit then fairly well 
into a gap between the earliest Paleozoic lead ratio—that of the kolm— 
and those of the pre-Cambrian. 


SUMMARY 


Progress is reported on the establishment of the “Helium Method,” 
based on the principles of radioactivity, for the determination of the 
age of basic igneous rocks and minerals in building up a comprehensive 
time scale and affording a means of long-distance correlations. The 
present paper is confined to an extensive suite of Keweenawan rocks 
and minerals with a view to co-ordinating age results with certain 
geological and mineralogical aspects pertaining to the specimens, in 
addition to the important question of the age and duration of the 


28 A.C. Lawson: The Eparchean peneplain—an exploitation of the doctrine of isostasy, Geol. 
Soc. Am., Bull., vol. 45 (1934) p. 1059-1072. 


; 


1120 a. Cc. LANE, W. D. URRY—AGES BY THE HELIUM METHOD 


Keweenawan. The geologic relations arising out of the results are dis- 
cussed, particularly in their bearing on the base of the Paleozoic and 
related problems. 
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INTRODUCTION 


It is generally believed that the metamorphic processes in nature 
occur in the presence of water or water vapor or some other pneuma- 
tolytic agent. Laboratory experiments bear out this belief at least 
insofar as they demonstrate acceleration of many reactions involving 
solids by gaseous agents in contact with them. While it is often 
evident that these gases form intermediate reaction complexes which 
later combine with one or the other component to form the end product, 
their role is not always well understood, because in many cases little 
is known about the mechanism of the reactions which take place 
between solids in the absence of these gaseous catalysts. When two 
solids are brought into intimate contact, reactions may take place 
by interdiffusion or by distillation of one solid upon the other. It 
will be shown later that diffusion plays an important role in the 
reactions involving solid CaO, MgO, and SiO., and that the diffusional 
properties of the reaction product are of prime importance in deter- 


* Manuscript received by the Secretary of the Society, February 7, 1935. 
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mining the speed of the reaction. Thus, for example, if solid A is 
brought into intimate contact with solid B to form a solid product 
AB, the latter will build up as a protective coating between A and B, 
and the reaction will come to a stop unless AB permits diffusion of 
A or B through its structure. If AB is a very stable compound—that 
is, if the bonds between A and B are very strong—diffusion will be 
slow. 

The idea of a protective coating or film of reaction product through 
which diffusion must take place is given mathematical expression in 


the relation— 
dy/dt = k/y 


where y is the thickness of the film formed in time, ¢, and k is an 
experimental constant. The integrated form of the equation is— 


y? = + const. I 


If the film is not coherent and does not form a barrier to diffusion the 
reaction may run with constant speed and follow the relation— 


dy/dt =k 
II 


There is also the possibility that the film of product may act as a 
catalyst and accelerate the reaction, as expressed by the relation— 


dy/dt = ky 


Equation I is obtained over a wide temperature range by the Cu,0 
film formed on copper in presence of air. Data obtained by G. R. 
Pole? shows that the relation also holds in the reaction between solid 
sodium carbonate and quartz, and between solid sodium carbonate 
and mullite. Equation II is indicated in the behavior of alkali metals 
like magnesium in the presence of air, the oxide film being granular 
and permeable. Equation III is apparently followed in the disso- 
ciation of solid KMnO, at 250° C. 

In the experiments to be described below, no exact rate data were 
obtained, the main objective being to determine definitely the nature 
of the chemical changes concerned. Certain qualitative conclusions 
can be derived, however, as to the relative speeds of some of the 
reactions under comparable conditions of temperature and of grain 
size. 


1G. R. Pole: Ph.D. thesis, the Pennsylvania State College (1934). 
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MATERIALS AND THEIR HEAT TREATMENT 


The reactions investigated all lie in the ternary system CaO-MgO- 
SiO,. Figure 1 shows the solid phases in this system, including not 
only those which are in equilibrium with the liquid phase,? but also 
those minerals* whose compositions fall in this system and which 
apparently undergo thermal decomposition below liquidus tempera- 
tures. Hydrated minerals were omitted as possible reaction products 
but were included as possible reactants. The broken lines on the 


S10, = 


Ca0 = C CM-2C02 DOLOMITE M =MgO 
Ficure 1.—Diagram showing chemical relations between solid phases in the system CaO-MgO-SiOz2 


diagram represent binary systems, the intermediate members of which 
may possibly be prepared by dry reactions of the end members. Use 
of a ternary diagram in the consideration of metamorphic equilibria 
has been made by Tilley * and by others. 


2J, B. Ferguson and H. E. Merwin: The ternary system CaO-MgO-SiO,, Am. Jour. Sci., 


4th ser., vol. 48 (1919) p. 81-123. 
J. W. Greig: Immiscibility in silicate melts, Am. Jour. Sci., 5th ser., vol. 13 (1927) p. 1-44. 


3 International Critical Tables, vol. 1 (1926) “‘B’’ Table. 
4C. E. Tilley: Genesis of rhombic pyrorene in thermal metamorphism, Geol. Mag., vol. 60 


(1923) p. 410. 
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Chemically pure carbonates were used as the source of MgO and 
CaO. A carefully selected quartz crystal was taken for SiO,. The 
other minerals were the best obtainable.® All materials were ground 
to an impalpable powder. The batches were weighed out in stoichio- 
metric proportion, mixed wet, dried, and dry pressed with seven tons’ 
pressure, so as to get intimate contact. There was no pressure on the 
samples during the actual firing. In regard to possible impurities in 
the source minerals, it should be noted that these will escape detection 
by the X-ray powder method, if present in amounts less than 5 per 
cent. 

Four furnaces operating continuously, with temperatures held auto- 
matically at 600°, 800°, 1000°, and 1200° C., were used for the sin- 
tering experiments. Each briquette was quartered and a piece placed 
in each furnace for 20 hours, after which it was ground and subjected 
to X-ray examination. 

Pressed samples of each reaction mixture were also sealed up in 
the wall of a ceramic tunnel kiln® where the temperature was held 
at 1100° + 20° C. for 104 days. These samples were out of contact 
with the combustion gases of the kiln and with the outside atmosphere. 
After removal from the kiln these samples were also subjected to 
X-ray as well as petrographic examination. 


X-RAY EXAMINATION 


Each sample in powdered form was mixed with a little Canada 
balsam and placed on a copper wire in the axis of an X-ray camera 
of about 57 mm. radius. Radiation from a copper target in a tube 
operating at 25-30 KV, 10 ma., 6 hours was used. In addition to 
the diffraction spectra of the reaction products, the lines due to the 
copper wire were present on each film. These lines being known, 
their position served to calibrate the film so that accurate measure- 
ments could be made of the correct line positions of the reaction 
products. To permit rapid identification of the reaction products, 
these lines were tabulated and matched against the spacings and 
relative intensities of lines from known minerals. 


REACTION 2MgCO,;-+Si0, 


As a typical case, the reaction between solid MgCO,; and quartz 
will be described in some detail. 

Table 1 shows the result of the analysis on the reaction 2MgCO, 
+ SiO, at 600°C. for 20 hours. All the lines are accounted for as 

5 Courtesy of Professor A. P. Honess, Department of Geology and Mineralogy, the Pennsylvania 


State College. 
® Courtesy of Mr. Ward Spence, Harbison-Walker Refractories Co., Clearfield, Pa. 
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REACTION 2MgCOs + SiO: 1125 


quartz or periclase. Hence there was no reaction. This mixture fired 
to 800° and 1000° C. gave a pattern identical with the pattern of 
Table 1. 


TasLe 1—Result of analysis on reaction 2MgCOs + SiO: at 600° C. for 20 hours 


Mixture No. 30 Copper Quartz Periclase 
I L L I L I L I 
% 19.9 19.4 2 
1 21:3 21.4 3 
4% 23.0 23.3 2 
4 25.7 25.1 8 
10 27.1 27.1 10 
2 37.8 37.2 1 
q 39.3 39.1 2 38.7 ¥% 
10 43.2 43.6 10 43.3 10 
% 45.3 45.4 1 
10 50.5 50.8 8 
% 55.8 55.6 3 55.9 ¥% 
1 60.5 60.8 4 
10 63.0 62.8 10 
1 66.2 66.1 2 
5 68.2 68.8 8 
i 70.0 70.1 1 
10 74.6 74.6 10 
% 75.7 75.3 2 
8 79.4 79.6 2 79.3 8 
% 80.3 80.8 1 
1 81.9 82.3 3 
84.0 84.5 
10 90.2 90.5 8 
1 94.6 94.8 3 
5 95.8 95.8 5 
% 99.4 99.8 1 
¥% 103.0 103.0 1 
¥% 106.6 106.7 1 
% 108.8 108.4 1 
10 110.3 110.7 10 
1 114.5 114.2 1 
% 116.8 117.7 1 
1 118.5 118.9 3 
% 120.0 119.3 1 
10 128.0 128.5 10 


I=Intensity, L=Line Spacing in mm. 
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Table 2 shows the results of the analysis on the same reaction mix- 
ture as Table 1 but fired at 1200°C. Here the quartz and periclase 
are still present but in relatively small amounts. However, enstatite 
and forsterite are both present. An examination of the analysis as 
to quantities present gives only an approximation. Periclase (cubic) 
reflects much better than quartz (hexagonal) so that from an intensity 
comparison there appears to be more periclase than quartz. How- 
ever from stoichiometrical considerations this case must be true if 
4MgCO, + 2Si0, > MgSiO, + Mg.Si0, + MgO + 4CO,. The pat- 
terns of enstatite and forsterite were obtained from samples high in 
iron which cut down the intensity quite markedly. The enstatite 
was almost a bronzite, and the forsterite was an olivine. A guess 
would be that the reaction went more than 50 per cent to com- 
pletion, tending to give about equal parts of forsterite and ensta- 
tite, or, possibly, favoring the formation of forsterite. Increased 
reaction time would always tend to drive the reaction to comple- 
tion since the reaction rate is dependent on diffusion. In the reaction 
MgO + SiO, > MgSiO; + Mg.SiO, it is possible that in the case 
of SiO, diffusing into MgO we find Mg.SiO, formed since the MgO 
is in excess and when MgO diffuses into SiO., MgSiO, is formed, 
the SiO, being in excess. Given sufficient time for complete diffusion 
the final product would be either forsterite or enstatite, not both, the 
one formed being the one with the lower lattice energy. 

A photograph of the product resulting after 104 days’ action of 
MgO-SiO, at 1100° C. is shown in Plate 92, figure 1. In many grains 
a central core of silica is to be seen. This is surrounded by a rim 
which is probably enstatite adjacent to the silica, changing to forster- 
ite and periclase on the periphery. Had the sample been held a long 
time at 1100°C. it is probable that the silica would have entirely 
disappeared. 


COMPARISON WITH FIELD OBSERVATIONS 


The thermal metamorphism of calcareous sediments is discussed 
in considerable detail by Alfred Harker in his recent book.? Harker 
states that in the case of a non-magnesian limestone carrying silica 
as an impurity, “wollastonite is formed at no great elevation of tem- 
perature.” We found in our tests that wollastonite appears as low 
as 600°C. On the other hand, we found that calcite and wollas- 
tonite show no X-ray evidence of dicalcium silicate until 1000° C. 
This accords with Harker’s observations that “the orthosilicate is 


7 “Metamorphism,” Methuen & Co., Ltd., London (1932). 
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Figure 1.—Reacrion 1n MgO-SiO, MIXTURE 
Central cores of silica surrounded by rims of material having different refractive index. 


Ficure 2.—AcTION ON CHALCEDONY 
Surface layer converted to cristobalite by catalysis. Interior of piece remains quartz. 


RESULTS AFTER 104 DAYS AT 1100° CENTIGRADE 
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COMPARISON WITH FIELD OBSERVATIONS 


TABLE 2.—Result of analysis on reaction 2MgCOs + SiO: at 1200° C. for 20 hours 
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unstable under the conditions of metamorphism and is of extremely 
occurrence.” 

In dolomitic rocks carrying silica as the only impurity, Harker 
records that “the first mineral to form, and with a limited supply of 
silica the only mineral, is the magnesian forsterite.” Our observa- 
tions on magnesite and quartz when fired at 800° C. in the enstatite 
ratio, do not show enstatite but rather forsterite. Enstatite appears 
only at 1000° C. Our work thus far confirms Harker’s observations 
in this respect. 

Harker goes on to say that “if the original dolomitic rock contained 
more silica than would suffice to convert all the magnesia to forsterite, 
a lime-bearing silicate makes its appearance. This, however, is not 
wollastonite but the double silicate diopside, which is then found 
accompanying or replacing the forsterite.” Our parallel case is that 
of a mixture of dolomite and quartz in proportions expected to produce 
diopside. At 1000°C. we found diopside, akermanite, and monti- 
cellite, but no trace of wollastonite. Here, again we are in agreement 
with Harker. The appearance of akermanite may probably be ascribed 
to the dolomite being somewhat richer in lime than the theoretical 
composition. 

Harker has stressed the comparative rarity of merwinite and monti- 
cellite in thermal metamorphic processes. We are unable to identify 
merwinite in a reaction between crysotile and calcite, or in a reaction 
between dolomite and enstatite. As for monticellite, it first appeared 
at 1000°C. in the reaction between dolomite and quartz and at 
1000° C. in the reaction between magnesite and wollastonite, but was 
absent at 1200°C. in this reaction. It did not appear at any tem- 
perature during the preparation of akermanite from magnesite and 
wollastonite, although diopside and forsterite were formed along with 
akermanite. It appeared first at 1000°C. in the reaction between 
calcite and enstatite. We may conclude from our experiments that 
monticellite is not readily formed in dry reaction below 1000° C. 

It will be seen that, in general, our laboratory tests are in good 
agreement with Harker’s observations on the thermal metamorphic 
processes in nature, and we may conclude that presence of water or 
water vapor is not necessary to bring about the reactions. 


BRIEF STATEMENT OF RESULTS 


Before proceeding to the detailed presentation and discussion of 
results it may be well to state some of the generalizations which 
arise from these experiments. 
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(1) MgO crystallizes readily at low temperatures while CaO does 
not. No pattern for CaO was obtained. 

(2) MgO tends to replace CaO in silicates. Thus, MgO with CaSi0, 
gives forsterite as one product. 

(3) The mineral phases formed are determined much more by the 
diffusion mechanism than by equilibrium factors. Only at the highest 
temperatures is the expected reaction likely to occur alone. At lower 
temperatures it is complicated by intermediate products and side 
reactions. 

DETAILED RESULTS 


A summary of results obtained in the study of reactions indicated 
by the straight lines of Figure 1 now follows. Data are given first 
for the binary systems CaO-SiO, and MgO-SiO., followed by similar 
data for the ternary system. 


No. 26 
CaCO; + Quartz > Wollastonite 
CaCO; + SiO: > CaSiO; + CO: 
600° C.—Residual Quartz and Calcite. Also Wollastonite. 
800° C.—Residual Quartz. Tricalcium Silicate and possibly Wollastonite. 
1000° C—Residual Quartz. Wollastonite, Dicalcium Silicate, and possibly 
some Tricalcium Silicate. 
1200° C.—Pseudo-Wollastonite only. 


No. 27 


CaCO: + Quartz > Dicalcium Silicate 
2CaCO; + SiO: > CaSiO, + 2CO: 
600° C.—Residual Quartz. Wollastonite, Dicalcium Silicate, and Tricalcium 


Silicate. 

800° C—Residual Quartz. Wollastonite, Dicalcium Silicate, and Tricalcium 
Silicate. 

1000°C.—Residual Quartz. Wollastonite, Dicalcium Silicate, and Tricalcium 
Silicate. 

1200° C.—Dicalcium Silicate only. 


No. 28 


CaCO; + Wollastonite > Dicalcium Silicate 
CaCO; + CaSiO; > Ca.Si0. + CO: 
600° C.—Residual Wollastonite—no reaction. 
800° C.—Residual Wollastonite—no reaction. 
1000° C—Some Pseudo-Wollastonite. Dicalcium Silicate and some Trical- 
cium Silicate. 
1200° C—Some Pseudo-Wollastonite. Dicalcium Silicate and some Trical- 
cium Silicate. 
No. 29 


MgCoO: + Quartz > Enstatite 
MgCoO; + SiO: > MgSiO; + CO: 
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600° C—Residual Quartz and Periclase—no reaction. 

800° C—Residual Quartz and Periclase. Some Forsterite, reaction just 
started. 

1000° C.—Residual Quartz and Periclase. Enstatite and Forsterite. 

1200° C—Residual Quartz and Periclase. Enstatite and Forsterite. 


No. 30 
MgCoO; + Quartz —> Forsterite 
2MgCO; + SiO: > Mg.SiO, + 2CO: 
600° C—Residual Quartz and Periclase—no reaction. 
800° C.—Residual Quartz and Periclase—no reaction. 
1000° C—Residual Quartz and Periclase—no reaction. 
1200°C.—Some Residual Quartz and possibly Periclase. Enstatite and 
Forsterite. 
No.1 
Dolomite + Quartz > Monticellite 
CaCO:.MgC0; + SiO: > Ca0.MgO.Si0: + CO: 
600° C.—Residual Quartz and Periclase. 
800° C.—Residual Quartz and Periclase. 
1000° C.—Residual Quartz and Periclase. Some Monticellite and possibly Aker- 
manite—reaction just starting. 
1200° C.—Monticellite and some Akermanite. 


No.2 
Dolomite + Quartz > Diopside 
CaCO;.MgCO; 2Si0: => CaO.MgO.2Si0: + 2CO: 
600° C.—Residual Quartz and Periclase. 
800° C.—Residual Quartz and Periclase. 
1000° C.—Residual Quartz and Periclase. Some Diopside, Akermanite, and 
Monticellite—reaction just starting. 
1200° C.—Diopside and Akermanite. 


No.3 
Crysotile + CaCO; > Merwinite 
3Mg0.2Si0..2H:O0 + CaCO; > Ca0.3Mg0.2Si0. + CO. + 2H:0 
600° C—Crysotile apparently decomposed. Forsterite lines starting to ap- 
pear. Lack of crystal structure. 
800° C.—Forsterite. 
1000° C.—Forsterite and Enstatite. 
1200° C.—Forsterite and Enstatite (Crysotile apparently breaks down with a 
loss of water at a low temperature, and Enstatite and Forsterite 
form from the dehydrated Crysotile as shown by heating Cryso- 
tile alone). 
No.4 
MgCoO: + Wollastonite > Monticellite 
MgCo:; + CaSi0; Ca0.MgO SiO: + CO, 
600° C—Residual Wollastonite and Periclase. Some Diopside and Forster- 
ite. 
800° C——Residual Wollastonite and Periclase. Some Diopside and Forster- 
ite. 
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1000° C—Residual Wollastonite. Monticellite, Akermanite, Diopside, and 
Forsterite. 
1200° C._—Mostly Forsterite with some Akermanite and Diopside. 


No.6 


MgCoO; + Wollastonite > Akermanite 
MgCoO; + 2CaSiO; > 2CaO.Mg0.2Si0: + CO: 
600° C.—Residual Wollastonite and Periclase. Possibly Forsterite. 
800° C—Residual Wollastonite and Periclase. Akermanite, Diopside, and 
possibly Forsterite. 
1000° C.—Residual Wollastonite. Akermanite, Diopside, and Forsterite. 
1200° C—Residual Wollastonite. Akermanite, Diopside, and Forsterite. 


No.6 


(All films poor; analysis still in doubt.) 


Wollastonite + Enstatite - Diopside 
CaSiO; + MgSiO: CaO.Mg0.2Si0, 
600° C—Residual Wollastonite and Enstatite. Possibly Akermanite. 
800° C.—Residual Wollastonite and Enstatite. Akermanite. 
1000° C._—Residual Wollastonite and Enstatite. Akermanite and possibly 
Diopside. 
1200° C.—Residual Wollastonite and Enstatite. Akermanite and possibly 
Diopside. 
No.9 
CaCO; + Enstatite + Monticellite 
CaCO; + MgSi0; > CaO.MgOSiO: + CO: 
600° C.—Residual Enstatite. 
800° C._—Residual Enstatite. Some Monticellite—reaction just starting. 
1000° C._—Residual Enstatite. Monticellite. 
1200° C._—Residual Enstatite. Monticellite. 


No. 10 


Dolomite + Enstatite > Merwinite 
CaCO:.MgCO; + MgSiO; > Ca0.3Mg0.2Si0: + 2CO: 
600° C._—Residual Enstatite and Periclase. Some Forsterite. 
800° C.—Residual Enstatite and Periclase. Forsterite. 
1000° C_—Residual Enstatite and Periclase. Forsterite. 
1200° C—Residual Enstatite and Periclase. Forsterite. 


No detailed data are presented from the tunnel kiln experiments. 
The X-ray patterns of a number of these samples gave results prac- 
tically identical with the 1200° C., 20-hour pieces. This is not sur- 
prising, since the diffusion process which operates in these reactions 
is a logarithmic function of the temperature. A short time at a high 
temperature is equivalent in diffusional! effect to a much longer time 
at a lower temperature. 
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COMPARATIVE REACTIVITY OF CaO AND MgO 


The CaO-SiO, reactions were noticeable at a lower temperature 
than comparable MgO-SiO, reactions, and at 1200° C. the former were 
apparently completed while the latter were not. Thus, at 1200°C., 
lime with silica in the metasilicate ratio gave only pseudo-wollastonite, 
while magnesia with silica in the metasilicate ratio gave enstatite and 
forsterite as well as some residual quartz and periclase. Similarly, 
at 1200° C., lime with silica in the orthosilicate ratio gave only dical- 
cium silicate, while magnesia with silica in the orthosilicate ratio gave 
enstatite, forsterite, residual quartz, and possible residual periclase. 

The contrast is also noted in the formation of monticellite. At 
1000° C. equivalent amounts of calcite and enstatite gave monticellite 
with residual enstatite, while equivalent amounts of magnesite and 
wollastonite gave monticellite, akermanite, diopside, and forsterite as 
well as residual wollastonite. The reaction is much farther from 
equilibrium in the latter case. 

It is noteworthy that MgO crystallizes at a very low temperature 
as compared with CaO. A pattern of MgO is obtained from MgCO, 
at 600° C., while no CaO pattern was obtained even at 1200° C. This 
means that the MgO grains will consolidate and present less surface 
for reaction with other materials and therefore require a higher tem- 
perature to enable them to add SiO, than does the CaO. At any given 
temperature comparable reactions ought to be slower in the case of 
magnesium oxide. Alternative explanation for the results may lie 
in the character of the film of reaction product. As was mentioned 
in the introduction, oxide films on some metals are coherent and 
relatively impervious so that they form a protective coating, while 
oxide films on other metals are granular and do not protect. The 
responsible factor seems to be the volume change. If V, and V, are 
the molecular volumes (molecular weight/density) of metal and oxide, 
a ratio V./V, greater than unity will protect, because the oxide film 
is thereby forced to be compact, but a ratio V./V, less than unity 
will give a granular film. Applying this argument to the addition 
of silica to lime or magnesium oxide, we see that better protecting 
films will form on the latter, since V, for CaO is 16.9 ce and for MgO 
is 11.7 ce. 


Thus— 
V enstatite/V MgO = 31.5/11.7 = 2.7 


and 
V wollastonite/V CaO = 40.1/16.9 = 2.4. 
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Similarly, 
V monticellite/V MgO = 48.9/11.7 = 4.2 


and 
V monticellite/ V CaO = 48.9/16.9 = 2.9. 


The higher ratios denote more compact films and therefore slower 
diffusion through the films. 

The ready tendency of magnesium to replace calcium is worthy of 
note. Thus in reactions 4 and 5, MgO has a tendency to replace 
the CaO of wollastonite forming enstatite, which either adds MgO 
to give forsterite or else adds CaSiO, to give diopside. If equilibrium 
were reached these last two compounds would be entirely absent. The 
results thus indicate that under the conditions of solid diffusion the 
reactions— 

CaSi0; + MgO CaO + MgSi0, (enstatite) 

MgSiO,; + MgO Mg.Si0, (forsterite) 

MgSi0; + CaSiO, CaMg(SiO;). (diopside) 
are at least as rapid as the direct addition of MgO to CaSi0,— 

CaSiO, + MgO — CaMgSi0, (monticellite) 

2CaSiO, + MgO — Ca.MgSi.O, (akermanite). 
On the contrary, there is no indication of the replacement of magne- 
sium by calcium. Reaction 9, calcite +- enstatite goes straightfor- 
wardly at 1000° C. to form monticellite, without the appearance of 
such replacement products as wollastonite, dicalcium silicate, or 
diopside. 

From considerations of equilibrium we would expect that since 
MgO is a weaker base than CaO, the calcium ought to replace the 
magnesium. The results show the importance of the diffusion mech- 
anisms in determining what products shall appear under these condi- 
tions. 

Various reactions involving dolomite led to lime-rich products. 
Thus, reaction 1 between dolomite and quartz led to akermanite as well 
as monticellite, and reaction 2 between dolomite and quartz led to aker- 
manite as well as diopside. These results are sensible if the dolomite 
is richer in lime than the theoretical composition. 


POSSIBILITY OF A LIQUID PHASE 


In this investigation the question has repeatedly arisen, is any liquid 
present? It is difficulty to say with assurance that no liquid was 
present. However, in reactions Nos. 26 to 30, where pure substances 
were used, it is reasonable to assume that no liquid was present since 
the specimens at 1200°C. were at least 200°C. below the lowest 
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eutectic. Also, tricalcium silicate, when formed, cannot be in equi- 
librium with a lime-silica liquid, and enstatite from a melt usually 
crystallizes as clinoenstatite. In reactions where minerals were used 
there were undoubtedly impurities present. Although 1200° C. is more 
than 100° C. below the lowest eutectic in the system CaO-MgO-SiO, 
there is always the possibility that sufficient impurities might be 
present to lower the eutectic temperature to 1200° C. or lower. There 
are silicate eutectics below 1200° C., and there is always the possi- 
bility of forming a minute amount of liquid. However, these eutectics 
are not all eutectics which can be in equilibrium with compounds 
of the CaO-MgO-SiO, system, and compounds crystallizing from 
them would not be the compounds we have prepared. All the reac- 
tion mixes were soft and readily pulverized to a powder on removal 
from the furnace, except Nos. 5 and 6. This would suggest that if 
glass were formed it constituted a very small percentage of the mass. 
Any appreciable amount of glass would cause the sintered pellet 
to be quite hard, although the converse is not true. Hardness could 
be obtained by means of an interlocking crystal growth. 


CATALYTIC ACTION OF A VAPOR PHASE: CONVERSION OF QUARTZ 
TO CRISTOBALITE 


In placing the samples in the tunnel kiln a piece of chalcedony was 
included. The piece was an excellent specimen, being translucent and 
practically pure SiO,. After 104 days at 1100° C. the piece was white 
and opaque with a glossy skin having a buff cast. An X-ray of the 
white opaque center showed quartz, and an X-ray of the skin showed 
quartz and cristobalite. The skin contains some iron compound vis- 
ible under the microscope, which came from the refractory cement 
used to seal off the chamber holding the specimens. Plate 92, figure 2, 
is a photomicrograph of a thin section of the piece through the skin. 
The cristobalite is readily visible. The original sample gave a quartz 
X-ray pattern showing the presence of quartz crystallites which appar- 
ently grew in the treatment to make the entire mass cryptocrystalline 
quartz. On the surface where the iron was present the inversion to 
cristobalite took place, but in the interior of the piece, in the absence 
of any impurities, the quartz crystals grew in a meta-stable condition. 

Recent work in this laboratory has demonstrated the rapid catalysis 
of the conversion of quartz to cristobalite below 1000°C. by the 
use of 0.5% Li,O, Na.O, or K,O0 in the form of metasilicates. Another 
reaction of this kind is the conversion of y—Al,O; to a-Al,O; (corun- 
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dum) by use of CaF, as a catalyst. This reaction also runs rapidly 
below 1000°C. The important role of pneumatolytic agents in the 
formation of minerals and ores has been stressed by C. N. Fenner ® 
in a recent publication. 

It has, however, been the purpose of the present investigation to 
examine the nature of the reaction products and draw some conclu- 
sions as to the reaction mechanism in the absence of such catalysts. 
It has been demonstrated that reactions in the system CaO—-MgO-SiO, 
take place by interdiffusion of solids and that the presence of water 
or water vapor is not necessary to bring about such reactions. 


SUMMARY 


Intimate mixtures of dry solids in the system CaO—MgO-SiO, have 
been subjected to heat treatment at 600°, 800°, 1000°, and 1200° C. 
for 20 hours and at 1100° C. for 104 days. The products were exam- 
ined by X-ray for identification. All the anhydrous compounds of 
the system, except merwinite, were made in this way. 

The nature of the reaction products is largely determined by the 
diffusion mechanism, although eventually equilibrium factors pre- 
dominate. Thus: 

Lime-silica mixes reach equilibrium more easily than magnesia- 
silica mixes, and magnesia has a tendency to displace lime from sili- 
cate combinations. 

The order of ease of formation of the various solids agrees with that 
derived from field observations of thermal metamorphism. 
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INTRODUCTION 


The Palmer gneiss was originally described as a part of the Base- 
ment Complex of the Marquette district in northern Michigan. This 
gneiss was thought to consist of Archean rocks intruded by Laurentian 
granite. More detailed work later disclosed that some of the rocks 
designated Palmer gneiss are Middle Huronian sediments.? Also, 
since these Huronian sediments were found to be extensively intruded 
by granite, it became evident that this granite must be as late as 
Middle Huronian and that its intrusion probably gave rise to some 
of the metamorphism which caused the Huronian sediments to be 


* Manuscript received by the Secretary of the Society, December 21, 1934. 

1C. R. Van Hise, W. S. Bayley, and H. L. Smyth: The Marquette tron-bearing district of 
Michigan, U. 8. Geol. Surv., Mon. 28 (1897) p. 149-150, 190-192, 194, 211-220. 

2C. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. S. Geol. Surv., 
Mon. 52 (1911) p. 255-256. 
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described as Palmer gneiss.* During the course of a field study of 
the relations of this younger granite (the Republic granite) to the 
Huronian formations, the writer observed outcrops of dolomite, quartz- 
ite, and graywacke in the rocks still designated Palmer gneiss. The 
presence of these sediments, especially the dolomite, and their strati- 
graphic position below the conglomeratic base of the Middle Huronian 
series, suggested that at least a part of the remaining Palmer gneiss 
might well be Lower Huronian formations intruded and metamor- 
phosed by the Republic granite.* Consequently, a study of the com- 
position and origin of the Palmer gneiss was undertaken, the results 
of which are presented in this paper. 

The field work was conducted during the summers of 1930, 1931, 
and 1932, in connection with the problem of the Republic granite, 
and completed in the summer of 1934 under a Penrose research grant 
from the Geological Society of America. It consisted of an examina- 
tion of the rocks previously designated Palmer gneiss, and the making 
of a geological map, showing the different formations comprising this 
gneiss. Mapping was done by means of a dial compass, because of 
magnetic attraction, and by counting paces, care being taken to check 
on section corners and other known locations as frequently as possible. 
An airplane map of the region was a valuable aid. As a rule, the 
Ajibik quartzite, the lowest formation of the Middle Huronian series, 
was the horizon from which traverses were started, as the base of 
this formation generally furnished one boundary of the Palmer gneiss. 
From this established horizon the gneiss belt was subdivided as far 
as possible—until granite intrusions rendered recognition of its com- 
ponent formations uncertain. Many rock specimens were collected, 
both from the Palmer gneiss area and from the Huronian areas near 
Marquette and Negaunee. Thin sections were obtained of those not 
readily identified by means of a hand lens, and the slides were studied 
from time to time in the field with a petrographic microscope, put 
at the writer’s disposal through the courtesy of the Michigan College 
of Mining and Technology. In this manner it was possible to investi- 
gate more thoroughly any doubtful areas and to obtain additional 
specimens for more detailed petrographic study wherever necessary. 


%C. A. Lamey: Granite intrusions in the Huronian formations of northern Michigan, Jour. 
Geol., vol. 39 (1931) p. 291; The intrusive relations of the Republic granite, Jour. Geol., vol. 41 
(1933) p. 493-494; Some metamorphic effects of the Republic granite, Jour. Geol., vol. 42 (1934) 
p. 261-262. 

4C. A. Lamey: What is the Palmer gneiss? Geol. Soc. Am., Pr., 1933 (1934) p. 92. The presence 
of outcrops of this character, and their probable significance, had been known by A. E. Seaman 
for some years. Oral communication. See, also, A. C. Lane: Sixth Ann. Report of the State 
Geologist of Michigan, 1904 (1905) p. 146. 
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For laboratory study, 194 thin sections were selected from the many 
specimens collected. Preliminary petrographic work was conducted 
during 1933 and 1934 from specimens previously collected, and final 
study of all thin sections was completed in the fall of 1934. The final 
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Ficure 1.—Index map showing location of the area described and its position with respect to the 
Marquette synclinorium 


petrographic study was made near field headquarters, in order that 
any doubtful areas could be re-examined before the close of the field 
season. 

The writer is greatly indebted to the Geological Society of America 
for a Penrose bequest research grant which made possible the comple- 
tion of the Palmer gneiss investigation. Also, acknowledgment is due 
to the Geology Department of Northwestern University for many 
courtesies extended during the course of this study; to the Michigan 
College of Mining and Technology for the use of equipment and 
laboratories; and to Professor A. E. Seaman for much valuable advice 
and for the use of field equipment. 


- 
’ 
4 
‘ 


Cc. A. LAMEY—THE PALMER GNEISS 


THE PALMER AREA 


Geologically, the Palmer area is a part of the Marquette district, 
which in turn is part of the Lake Superior pre-Cambrian region 
(Fig. 1). The most recent rock succession for the Marquette district 
is given by Leith.’ Not all the formations in this succession are repre- 
sented in the Palmer area, due in part to structural conditions. 


Post Keweenawan Upper Cambrian sandstone 
ALGONEIAN Unconformity - - - ----- 
Killarney Granite Acidic intrusives 


Basic intrusives 
Keweenawan 


Huronian 
Upper Upper Michigamme slates 
Bijiki iron formation 
Lower Michigamme slates 
Clarksburg volcanics 
Greenwood iron formation 
Goodrich quartzite 


Middle 
Negaunee iron formation 
Siamo slates 
Ajibik quartzite 
-------- Unconformity - ------- 
Lower 
Wewe slate 
Kona dolomite 
Mesnard quartzite 
Algoman Granite 
Knife Lake (may be Lower Huronian) 


ARCHEAN Unconformity - ------- 
Laurentian Granite Granite, syenite, peridotite 
Palmer gneiss 
Keewatin Kitchi schist and Mona schist 


The rocks in the immediate vicinity of Palmer form a part of the 
southern limb of the Marquette synclinorium, but a fault of consider- 
able magnitude, north of Palmer, causes the area to appear as a pro- 
jection along the southern side of the synclinorium. This fault, com- 
bined with other features of the local structure, gives the Palmer area 
the aspect of an independent syncline (Fig. 2B). 

A fairly consistent relation of topography to structure exists within 
the area, and gives rise to its basin-like aspect. Northward, a fault 


6C. K. Leith: The pre-Cambrian, Geol. Soc. Am., Pr., 1933 (1934) opposite p. 176, Correlation 
Chart—Lake Superior Region. 
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scarp forms the wall of the basin; eastward, quartzite ridges tend to 
establish another boundary; granite masses partially block the western 
end; and ridges of northward-dipping iron formation and quartzite, 
together with other ridges of dolomite, granite, and gneiss, form the 
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Ficure 2.—Geologic map of the Palmer area 


A, as in U. S. G. S. Monograph 28; B, as in Monograph 52. (Symbol for Mesnard quartzite in B 
was used for Wewe slate in A.) 


southern wall. Characteristically there are two sets of southern ridges 
separated by a narrow valley, the more northern ridge being composed 
of Ajibik quartzite and the more southern one consisting of Mesnard 
quartzite, Kona dolomite, granite, and gneiss. In general, this valley 
between the Ajibik quartzite ridges and the more southerly ridges 
marks, approximately, the contact between the Ajibik quartzite and 
the complex heretofore known as Palmer gneiss (Fig. 2B). 
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THE PALMER GNEISS PROBLEM 


As originally defined, the Palmer gneiss comprised non-fragmental 
Archean rocks, presumably mashed parts of the Basement Complex, 
which, it was clearly shown, had been intruded in many places by a 
granite, thought to be of Laurentian age. These rocks were sepa- 
rated from Huronian formations because they were found below well- 
defined conglomerates or, where no such conglomerates existed, because 
they were thought to be non-fragmental. Later it was discovered 
that the Palmer gneiss contains much fragmental material.” These 
fragmental rocks represent Ajibik quartzite and Siamo slate, and 
consequently they were assigned to the Middle Huronian series. The 
gneiss belt as originally mapped extended east and west for six miles 
in the vicinity of Palmer (Fig. 2A), but after the discovery that 
Huronian sediments were included in this area the distribution of 
the Palmer gneiss was restricted to the eastern part of the Palmer 
area on a revised map of the region (Fig. 2B). 

The rocks taken from the Palmer gneiss and assigned to the Middle 
Huronian contain many granite intrusions (Fig. 3), showing that 
locally there must be a granite as young as late Middle Huronian. 
Recent investigation of the relation of the granite of the Southern 
Complex to the Huronian formations indicates that much if not all 
of it is of post-Upper Huronian age.* Further, the writer found that 
this granite intrudes dolomite, quartzite, graywacke, and slate in 
that part of the Palmer gneiss which remains after assigning the 
western part of the gneiss area to the Middle Huronian. Much of 
this material lies below the base of the Ajibik quartzite, the lowest 
formation of the Middle Huronian series, and therefore occupies the 
stratigraphic position of the Lower Huronian series. Heretofore on 
maps of the Palmer area no Lower Huronian formations have been 
shown as present south of the Ajibik quartzite (Fig. 2), but the presence 
of dolomite, which is typical of the Lower Huronian in the Marquette 
district, together with quartzite and graywacke, indicates the presence 
of this lower series. Moreover, a study of conditions along the 
northern side of the Marquette synclinorium, as well as to the north- 
east of Palmer, shows that the area south of Palmer is the normal 
place in which to find Lower Huronian formations if they are present 
south of the Ajibik quartzite. If Lower Huronian formations are 


6C. R. Van Hise, W. S. Bayley, and H. L. Smyth: op. cit., p. 211-213. 

7C. R. Van Hise and C. K. Leith: op. cit., p. 255-256. 

8C. A. Lamey: The intrusive relations of the Republic granite, Jour. Geol., vol. 41 (1983) 
p. 487-500. 
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shown to be present there, it follows that the Palmer gneiss may 
cease to exist as a definite formation. 

A discussion of all rock formations found in the present Palmer 
gneiss area, and of all evidence which may shed light upon the com- 
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Ficure 3.—Map showing intrusion of granite in Middle Huronian formations 


The area mapped is in section 26, south of the Tilden mine (see Fig. 2), and is part of the original 
Palmer gneiss belt. 


position and origin of the gneiss, is presented in the following pages. 
From this evidence certain conclusions are drawn, which it is hoped 
may clarify some of the pre-Cambrian geology of the Lake Superior 
region. 

THE MIDDLE HURONIAN SERIES 


GENERAL STATEMENT 


All the formations of the Middle Huronian series—Negaunee iron 
formation, Siamo slate, and Ajibik quartzite—are present in the imme- 
diate vicinity of Palmer, but only the oldest of these formations, the 
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Ajibik quartzite, occurs within the boundary of the Palmer gneiss 
area. 
AJIBIK QUARTZITE 
The base of the Ajibik quartzite has heretofore been regarded as 
the boundary between Algonkian and Archean rocks in the Palmer 
area, and was thought to separate the Middle Huronian formations 
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Ficure 4.—Distribution of Ajibik quartzite, granite, gneiss, and basic intrusives 


A. Map showing distribution of Ajibik quartzite within the Palmer gneiss belt. The major part 
of the Ajibik formation occurs immediately north of this belt. 
B. Map showing distribution of granite, gneiss, and basic intrusives within Palmer gneiss belt. 


from the Palmer gneiss (Fig. 2). Most of the Ajibik quartzite does 
occur north of the boundary of the Palmer gneiss, but some of the 
quartzite lies within the gneiss area (Fig. 4A). Throughout much 
of the area the lower part of the Ajibik formation is conglomeratic. 
This conglomeratic horizon was located in almost every instance where 
the quartzite occurs within the Palmer gneiss belt and was used to 
separate the Ajibik formation from the underlying rocks. 

The best known type of the conglomerate at the base of the 
Ajibik quartzite occurs in section 32, west of the Platt mine (Fig. 2), 
where, together with the overlying quartzite, it forms high and some- 
what bare ridges. It contains pebbles and boulders ranging in size 


= 
— 
= 
bi 
H 
| 
3 
: 


THE MIDDLE HURONIAN SERIES 1145 


from less than an inch to several feet, although the larger boulders 
are rare and the average size is about 6 inches. The pebbles and 
boulders consist chiefly of quartzite, jasper, chert, quartz, and some 
basic material resembling a greenstone, and these are cemented with 
quartz, sericite, specular hematite, and magnetite. One phase of this 
conglomerate contains poikiloblastic crystals of chloritoid as much 
as half an inch across, the chloritoid appearing in the matrix and 
boulders alike.? Finer phases which grade into quartzite may contain 
rounded grains of quartz, chert, and jasper, well-crystallized octa- 
hedrons of magnetite, poikiloblastic chloritoid, tourmaline, and a 
matrix of sericite and very fine-grained quartz. Again, the rock may 
consist chiefly of much fractured and strained quartz in a sericitic 
matrix, the quartz showing evidence of replacement by sericite; or 
it may consist chiefly of quartz fragments cemented with specular 
hematite and magnetite. 

Within the Palmer gneiss belt this same quartzose type of conglom- 
erate occurs in sections 31, 32, 34, and 35 (Fig. 4A). In sections 32 
and 34 it is much sheared and locally intruded by granite, and in 
sections 34 and 35 it rests directly upon the Lower Huronian Mesnard 
quartzite. 

A much less known type of the Ajibik conglomerate forms low out- 
crops in a marshy area in the northwestern part of section 33, south 
of the Richmond pit (Fig. 2). It occurs just outside the Palmer gneiss 
area and also within the gneiss boundary (Fig. 4A). This conglom- 
erate contains small, rounded pebbles of dolomite, chert, cherty dolo- 
mite, and quartz; more angular fragments of quartzite containing well- 
rounded quartz grains; rounded to subangular grains of quartz and 
chert; and angular quartz fragments; all in a slaty, chloritic and seri- 
citic matrix. This type of conglomerate forms low outcrops rather 
than high cliffs and ridges, and it occurs above and adjacent to Lower 
Huronian Kona dolomite. 

The conglomerate at the base of the Ajibik formation apparently 
is absent in part of the area, its place being taken by a quartzite 
which is, as a rule, highly ferruginous, or by a rock similar to a lean, 
quartzitic phase of the Negaunee iron formation. In such cases it 
is difficult to separate the Ajibik quartzite from the overlying Negau- 
nee iron formation, as the latter is not the true, non-fragmental 
formation which occurs in the type area, but contains many quartzitic 
bands. Indeed, it may well be that part of this ferruginous, frag- 


9 See C. R. Van Hise, W. S. Bayley, and H. L. Smyth: op. cit., p. 215-216, for an early 
description of this conglomerate. 
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mental material actually represents the Siamo formation, which char- 
acteristically underlies and grades into the Negaunee formation.’° If 
such is the case, in some places the Ajibik formation is absent, possibly 
as a result of faulting, and the equivalent of the ferruginous Siamo 
slate or a lean phase of the Negaunee iron formation occurs just above 
the gneiss belt. Such conditions apparently exist in the north-central 
part of section 33. 

Much of the Ajibik quartzite included within the Palmer gneiss 
boundaries has been fractured, badly sheared, intruded by granite, 
and extensively metamorphosed, but there are many outcrops in 
which the rock shows well-rounded grains and resembles the Ajibik 
quartzite on the northern limb of the Marquette synclinorium near 
Negaunee (Pl. 93). Sheared, ferruginous phases of the quartzite 
near granite intrusions, such as may be found in the northern part 
of section 34 (Fig. 4A), contain well-formed magnetite crystals 
embedded in a matrix of sericite and quartz; more quartzose phases 
contain fractured and strained quartz in a sericitic matrix. Such 
quartzose phases of the quartzite are similar to like phases of the 
Ajibik formation in section 26, south of the Tilden pits, within the 
area formerly designated Palmer gneiss. In some parts of the gneiss 
belt where granite intrusion was extensive and metamorphism severe, 
as in section 31 (Fig. 4A), the quartzite has been much sericitized 
and contains both chloritoid and andalusite; in other instances it 
has become gneissoid and contains microcline and biotite. Both of 
these latter phases occur in the original Palmer area south of the 
Tilden pits, and the gnessoid phase occurs also some miles farther 
west, near Beacon, where granite intrudes the Ajibik quartzite." 


THE LOWER HURONIAN SERIES 
GENERAL STATEMENT 
The complete Lower Huronian series for the Marquette district, 
with thicknesses of formations, is given as follows: 


Feet 


This series lies unconformably below the Middle Huronian series. 
On the northern limb of the Marquette synclinorium the erosion rela- 


10 This opinion has been expressed several times by A. E. Seaman. Oral communication. 

uC, A. Lamey: Some metamorphic effects of the Republic granite, Jour. Geol., vol. 42 (1934) 
p. 258-261. 

12M. Grace Wilmarth: Tentative correlation of the named geologic units of Michigan, U. 8. 
Geol. Surv., Michigan chart 3 (1929). 
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tions are such that the Middle Huronian Ajibik quartzite in the 
vicinity of Teal Lake, about 6 miles north of Palmer, rests on Archean 
schists and then, to the eastward, first on the Mesnard quartzite, 
next on the Kona dolomite, and finally on the Wewe slate.’* It will 
thus be seen that there is marked unconformity between the Middle 
and Lower Huronian series, and the Ajibik quartzite might rest on 
any one of the Lower Huronian formations. Two of the Lower 
Huronian formations, the Mesnard quartzite and the Kona dolomite, 
have been identified within the Palmer gneiss area. The Wewe 
slate apparently is absent. 
KONA DOLOMITE 


Lying beneath the slaty and dolomitic Ajibik conglomerate in the 
northwestern part of section 33, and extending eastward nearly to 
the center-line of section 34, is a belt of dolomite that the writer 
believes to represent the lower part of the Kona formation. These 
outcrops are wholly within the area previously designated Palmer 
gneiss (Fig. 5B). 

Several phases of this dolomitic formation are represented within 
the gneiss area—cherty dolomite, slate with dolomite lenses, slate with 
chert “eyes” and lenses, dolomitic slate, and sericitic slate. These 
phases are similar, lithologically, to the lower part of the Kona 
formation—approximately the lower 200 feet—on the northern limb 
of the Marquette synclinorium. Because of this lithological simi- 
larity, and the fact that the formation occurs immediately below con- 
glomeratic Ajibik quartzite and, in part at least, above an older 
quartzite, there seems little reason to doubt that this material repre- 
sents the uneroded part of the Kona dolomite on the southern side 
of the Marquette synclinorium. Hereafter this formation will be 
referred to as the Kona dolomite. 

The Kona dolomite is best developed in the eastern part of sec- 
tion 33, south of the Moore mining location (Fig. 2). There, south 
of Ajibik quartzite, which has some conglomeratic phases, it forms 
a ridge 30 or 40 feet high. This ridge generally has a steep northern 
slope. As a rule, cherty dolomite forms the northern face of the 
ridge, but this cherty phase is best represented near the western end 
of the ridge, where large blocks of rock containing dolomite bands 
as much as 4 feet wide form talus at the foot of a steep cliff. Also, 
the dolomite is well exposed in the face of this cliff. Slate with 
dolomite lenses varying in width from a few inches to a foot or 


13C, R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. S. Geol. Surv., 
Mon. 52 (1911) pl. 19. 
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more occurs in general south of the cherty dolomite, and still farther 
south occur other slaty phases of the Kona formation. 

To the eastward, cherty dolomite and slate with relatively large 
dolomite lenses are well exposed for about half a mile. The formation 
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Ficure 5.—Distribution of Mesnard quartzite and Kona dolomite 


A. Map showing distribution of Mesnard quartzite within Palmer gneiss area. Inset shows areas 
in sections 22 and 23. 
B. Same showing distribution of Kona dolomite. 


is then partly covered for slightly more than a quarter of a mile, 
but is traceable, and again is fairly well exposed near the eastern 
end of the dolomite belt, in section 34 (Fig. 5B). 

In the western part of section 33, the Kona formation is represented 
by dolomitic slate containing narrow dolomite lenses. This dolomitic 
slate disappears in the western part of section 32. In the eastern 
part of this section there are two small outcrops of chert thought to 
represent the Kona formation. Between these chert outcrops and the 
slate in section 32 occurs material which may represent the lower 
part of the Kona formation but which appears more likely to repre- 
sent the upper part of the Mesnard quartzite. 

Throughout the gneiss belt the cherty dolomite and the slate with 
relatively large dolomite lenses, although much sheared in many 
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instances, are readily recognized as phases of the Kona formation 
and were followed in the field without great difficulty. The dolomite 
bands and lenses weather rusty brown, apparently due to the presence 
of an iron-bearing carbonate, possibly ankerite, that produces a limo- 
nitic coating as much as a quarter of an inch thick. Due to differ- 
ential weathering these bands become depressed, whereas the chert 


4 
- 
N 
LEGEND 
POST-UPPER HURONIAN 
7 REPUBLIC GRANITE 
LOWER HURONIAN 
+ HONA OOLOMITE 
bk. 


Ficure 6.—Map of a part of the Kona dolomite within the Palmer gneiss belt 


Showing granite intrusions in the dolomite. 


bands and lenses stand out in relief. If broken, the dolomite is 
characteristically white. 

The slaty phases of the Kona formation were traced with much 
more difficulty than were the dolomitic phases. The dolomitic slate 
is a greenish, chloritic and sericitic rock, which may contain dolomite 
bands varying in width from a fraction of an inch to about an inch, 
or which may be devoid of such bands but contain patches of dolo- 
mite. As a rule, this slate contains, also, more or less chert and 
fine quartz throughout, and compares favorably in texture and com- 
position with the Kona slate near Marquette. The greenish color 
of the slate causes it to resemble an altered, basic igneous rock, and 
makes field mapping a matter of considerable difficulty, as some such 
igneous rocks are present within the dolomite belt. However, in the 
igneous rocks there is a lack of quartz, and the feldspar crystals, 
although much altered, are usually recognizable; also, the texture, 
which is characteristically that of an igneous rock, is partially pre- 
served. In those cherty phases containing chert “eyes” and lenses, 
differential weathering aids recognition. The sericitic slate has a 
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yellowish or greenish cast, and resembles certain slaty phases of the 
Kona formation on the northern limb of the Marquette synclinorium. 

Irregular masses and dikes of Republic granite, and quartz veins 
from the granite, have intruded the Kona formation, causing some 
metamorphism (Fig. 6). In some instances, small masses of dolo- 
mite have been included in the quartz veins. In such cases the 
dolomite has become coarsely crystalline, and rhombs nearly 2 inches 
across are present in the veins; other quartz veins contain small 
dolomite crystals. Near dikes and granite masses the dolomite is 
coarsely crystalline, and muscovite, phlogopite, and some tourmaline 
are present. In those instances where the dolomite was included 
in the granite, the mica plates attained a size of several inches. 
Throughout the Kona dolomite belt the amphiboles and pyroxenes 
so characteristic of the metamorphosed Randville dolomite farther 
south ‘* are lacking. This might be expected, as the Kona formation 
occurs along the edge of the granite mass, whereas its southern 
equivalent, the Randville formation, is practically surrounded by the 
granite. Apparently a certain degree of silicification of the Kona 
dolomite has taken place near the granite, and a rock resembling a 
cherty, dolomitic quartzite has been formed. This silicification may 
be more apparent than real, as in such instances intrusion of granite 
may have been into a very cherty phase of the Kona formation. 

Southward the Kona dolomite gradually merges with a belt of 
granite and gneiss, except in those cases where a quartzite lies below 
the dolomite. In some instances the rocks immediately below defi- 
nitely identified dolomite may represent either the lowest, slaty, and 
fragmental phases of the Kona formation or the highest, somewhat 
dolomitic phases of the Mesnard quartzite. 


KONA-MESNARD CONTACT 


The contact between the Kona dolomite and the Mesnard quartzite 
is not always definite, as these formations are conformable and the 
boundary is a gradational one. Thus the lower parts of the Kona forma- 
tion are slaty and cherty as well as dolomitic, and may contain bands 
of well-rounded quartz grains. As a rule, these lower phases also 
contain iron oxide. On the other hand, the upper part of the Mesnard 
formation may be very similar to the lower part of the Kona dolomite. 
It may not always be feasible, therefore, in an area where there has 
been extensive metamorphism, to separate the Mesnard formation 
from the Kona dolomite above definitely recognizable quartzite. 


14C, A. Lamey: Some metamorphic effects of the Republic granite, Jour. Geol., vol. 42 (1934) 
p. 257-258. 
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In sections 31 and 32 there is a belt of rocks with a greenish cast, 
which might easily be confused with greenstones, but careful exam- 
ination with a hand lens disclosed the presence of much quartz, appar- 
ently as grains, and well-formed octahedrons of magnetite. The frag- 
mental nature of these rocks was verified by microscopic study. Some 
phases contain subangular to rounded quartz and feldspar grains, 
together with chlorite, carbonate, some sericite, biotite, and epidote. 
Again, there are phases which are distinctly banded but in which the 
clastic nature is well preserved. Some such phases contain quarta 
grains and magnetite grains and octahedrons, in a matrix of car- 
bonate, chlorite, and sericite. Nearer granite intrusions the rock may 
be composed chiefly of epidote and quartz; of epidote, quartz, mag- 
netite crystals, and some amphibole; or of quartz, amphibole, magne- 
tite, and some epidote. The amphibole apparently is not an ordinary 
variety but is a peculiar one associated with iron-rich formations.** 

All the rocks in this belt contain large amounts of quartz and 
show well their fragmental character except in the vicinity of granite 
intrusions. In these latter instances, fragmental rocks may be traced 
into these metamorphosed types. The clastic nature of the rocks 
in this belt indicates their sedimentary origin; their position below 
conglomeratic Ajibik quartzite, and close association with Kona dolo- 
mite and definite quartzite, make is probable that they belong to 
either the Kona or the Mesnard formation. Because of the large 
amount of quartz contained in them, it seems more reasonable to 
consider them a part of the Mesnard quartzite (Fig. 5A), and they 
have been so designated on the revised map of the area (Fig. 7). 
There appears to be no likelihood whatever of these rocks representing 
the Wewe slate, as in at least one instance they are underlain by a 
definite, vitreous quartzite. Moreover, only the lower 200 feet of 
the Kona formation occurs in this vicinity, indicating that the Wewe 
slate is absent. 

MESNARD QUARTZITE 

Lying beneath the belt of intermediate rocks in sections 31 and 32 
there are outcrops of more or less vitreous quartzite (Fig. 5A). The 
quartzite has been intruded by granite in many instances, but in 
those cases where there is little or no granite the fragmental nature 
is clearly shown. Thus the rock may be composed of subangular 
to rounded quartz and feldspar grains in a sericitic matrix, as in 
section 31; it may contain rounded quartz grains elongated by 
shearing, in a chlorite and sericite matrix; or it may consist of a 


15 Op. cit., p. 254-255. 
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quartz mosaic throughout which are streaks of sericite. Under the 
microscope some of these rocks resemble similar phases of the Mes- 
nard formation occurring near Marquette. Indeed, in some instances 
it would be impossible to separate one from the other. This fact, 
together with their stratigraphic position, appears to warrant classi- 
fication of these rocks as Mesnard quartzite. 

Because of the extensive intrusion of the Republic granite, but a 
few exposures of definitely recognizable clastic rocks are found beneath 
the Kona dolomite in sections 33 and 34 (Fig. 5). In section 33, 
underlying the Kona formation, there are a few outcrops of sheared, 
highly quartzitic rocks apparently of fragmental origin. Farther east, 
in the western part of section 34, the Kona dolomite is underlain by 
slaty rocks. The slate, which is greenish, contains angular to sub- 
angular quartz grains sparsely distributed throughout a chloritic and 
sericitic matrix. It resembles some of the slaty phases near the top 
of the Mesnard formation near Marquette, and is thought to repre- 
sent the Mesnard quartzite. - 

The slaty phase of the Mesnard formation in section 34 is nearly 
continuous with a somewhat similar phase just west of the center 
of section 34, which, however, lies immediately below Ajibik quartzite. 
Here, again, the Mesnard formation in its least altered parts is repre- 
sented by a greenish, chloritic rock containing rounded to angular 
quartz fragments, rounded grains of sericite probably representing 
original feldspar grains, and a matrix of chlorite and carbonate. Both 
the Mesnard formation and the overlying Ajibik quartzite have been 
intruded by granite—small stringers, dikes, and knob-like masses— 
and an amphibole gneiss has been developed near the larger masses 
of granite. 

The slaty rocks in the western part of section 34, which give rise 
to no great topographic expression except where intruded by knob- 
like granite masses, give place eastward to much more quartzitic rocks 
which form a bold east-west ridge with precipitous southern slope. 
Farther eastward this ridge trends northeast and gradually decreases 
in height until it disappears near a marsh. Eastward across this 
marsh, in section 35, rise bold quartzite ridges with steep western and 
southern slopes. 

Both in section 34 and in section 35 the quartzite which forms the 
ridges lies immediately below the Ajibik formation. In fact, in places 
the Ajibik quartzite forms parts of the northern and western fronts 
of the ridges. In some places at the base of the Ajibik formation 
there is a quartzose conglomerate containing jasper, quartzite and 
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quartz pebbles as much as 6 inches across, embedded in a matrix of 
quartz and hematite, or in a matrix consisting chiefly of quartz. At 
other places the Ajibik formation is represented by a coarse quartzite, 
which may be gray, white, or pink. The basal part of the formation, 
however, is always quartzose and not dolomitic as it is farther west, 
where it overlies the Kona dolomite. The quartzitic rocks beneath 
the Ajibik formation are thought to represent the Mesnard quartzite 
(Fig. 5A) and will be so referred to hereafter. 

The quartzose phases of the Mesnard formation in sections 34 and 
35 are singularly free of granite intrusions. Such intrusions were 
observed in but three places. In most cases in this vicinity these 
quartzitic rocks are separated from granite by a swamp of considerable 
proportions. 

Nevertheless, the quartzite is much altered. In many cases it is 
extensively cut by quartz veins, some of which contain specular hema- 
tite, and almost all exposures show marked evidence of shearing and 
shattering. Indeed, in some instances the mashing has proceeded to 
such a degree that iarge outcrops are almost wholly brecciated, and in 
those cases where the formation had been extensively cut by quartz 
veins the fractured veins produce the effect, at first sight, of a sheared 
quartz conglomerate. 

Despite the shearing and brecciation to which the Mesnard forma- 
tion has been subjected in this vicinity, many different phases are 
still recognizable as quartzite or slate and resemble phases of the 
Mesnard formation on the northern limb of the synclinorium. Near 
the north section line of section 35 there is exposed, in a nearly vertical 
cliff, a much sheared, red- and white-banded quartzitic rock. Under 
the microscope this was seen to be composed of small quartz fragments 
in a sericite matrix, the chief difference between the red and the white 
bands being the presence of an iron-oxide stain in the sericite matrix 
of the red bands. Other Mesnard exposures, which have the general 
appearance of a red, altered igneous rock, consist in reality of a 
rock composed of angular to subangular quartz grains in a matrix 
of finer quartz, throughout which are streaks of hematite, which 
impart a red color to the rock, and large plates of chloritoid. This 
rock is similar to the northern occurrences of Mesnard quartzite except 
for the presence of chloritoid. This latter mineral, in large poikilo- 
blastic crystals, is present in other outcrops as well, in which the frag- 
mental nature of the rock may be clearly seen, or in which the quartz 
presents a more or less interlocking aspect. In some instances the 
quartzite contains both quartz and feldspar fragments in a chloritic 
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and sericitic matrix and, near granite intrusions, well-crystallized 
magnetite octahedrons. 

In addition to the various exposures of Mesnard quartzite shown 
to exist in the original Palmer gneiss belt, there are two isolated 
areas in sections 22 and 23, previously mapped as Palmer gneiss, in 
which the rocks are chiefly quartzite and slate (Fig. 5A). The rocks 
in these two areas are surrounded by Mesnard formation (Fig. 2). 
In some instances these rocks have been intruded by granite, and 
near such intrusions a gneiss has been produced, but there are many 
exposures which are practically identical with the surrounding Mes- 
nard formation and with more northern outcrops. In fact, it is 
possible to identify a number of phases of the Mesnard formation 
in these two areas—vitreous quartzite, sericitic quartzite, ferruginous 
quartzite, graywacke, and slate, the latter with bedding well pre- 
served. It seems clear, therefore, that these rocks should be mapped 
as Mesnard quartzite. 

As a rule, the various phases of the Mesnard formation in these 
isolated areas are recognizable as such both in the field and under the 
microscope, but the fragmental character is partly obscured in some 
instances because of the deposition of siliceous cement. The sericitic 
and ferruginous varieties, in which the grains consist of quartz and 
the matrix consists of sericite and hematite, show very well their 
fragmental character (Pl. 93), as do also the more slaty varieties. 
The vitreous varieties, however, do not always so clearly show their 
clastic nature. This is usually revealed by a careful examination 
under a hand lens, and also by a microscopic inspection. Without 
the use of the analyzer the outlines of rounded quartz grains may 
be seen, especially if they are fringed with a small amount of iron 
oxide, but under crossed nicols these outlines, although observable, 
are not very apparent, due to the deposition of siliceous cement with 
the same optical orientation as the original quartz grains, and in some 
instances there is little indication of original grains. The almost 
total obliteration of original granular texture is especially noticeable 
near larger granite intrusions and is due, probably, to the heat to 
which the rock has been subjected. Nevertheless, on the whole there 
is little difficulty in establishing the fragmental character of the 
rocks in these two isolated Palmer gneiss areas and correlating them 
with the Mesnard formation, by which they are surrounded. 

It appears evident, from the preceding discussion, that within the 
Palmer gneiss boundaries there is much fragmental material of quartz- 
itic and slaty nature. These rocks occur (1) just below the Kona 
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dolomite, which itself rests beneath Ajibik quartzite; (2) below the 
Ajibik quartzite, the base of which, in many instances, is conglom- 
eratic; or (3) surrounded by Mesnard quartzite. From what has 
been stated previously regarding the relations existing between the 
Middle and Lower Huronian series, it is apparent that the Mesnard 
quartzite might be expected beneath the Kona dolomite—the normal, 
conformable sequence—or unconformably below the Ajibik quartzite. 
All evidence, therefore, tends to show the existence of a considerable 
amount of Mesnard formation within the boundaries of the Palmer 
gneiss area. 
REMAINING PALMER GNEISS BELT 


It has been shown that the original Palmer gneiss belt contains 
both Middle and Lower Huronian rocks—Ajibik quartzite, Kona dolo- 
mite, and Mesnard quartzite—but after mapping the distribution of 
these rocks there remain areas in which no sediments have been traced 
with certainty. In some of these areas there are no outcrops, and 
in most cases the probable distribution of rocks has been indicated 
(Figs. 4 and 5). In other areas all observed outcrops are granite, 
gneiss, somewhat altered diorite older than the granite, and little 
altered olivine diabase younger than the granite (Fig. 4B). In these 
areas granite and gneiss are by far the most abundant. 

Much of the gneiss is characteristically coarse grained, and neither 
field nor microscopic examination of it yields any clear evidence as 
to the rock from which it was derived, but indications pointing to 
the probable origin of at least part of the gneiss are not lacking. 
Some of the gneiss may have been and probably was derived from 
diorite as a result of granite intrusion. Again, much of the diorite 
in this belt is younger than at least some of the Lower Huronian 
formations, as it intrudes both the Mesnard quartzite and the Kona 
dolomite, and it probably caused some metamorphism of those forma- 
tions and was thus a contributing factor in producing the gneiss. Also, 
some of the gneiss may represent metamorphosed Archean rocks, 
although no such rocks could be identified, as the base of the Lower 
Huronian series was not found. In a great many instances, however, 
both the Mesnard formation and the more slaty phases of the Kona 
formation were traced directly into a gneiss in the vicinity of granite 
intrusions. Since much of the Palmer gneiss has been shown to be 
Huronian sediments, and since the Republic granite, in addition to 
being a younger intrusion than the diorite, has batholithie propor- 
tions, there appears to be good reason to conclude that a large part 
of the gneiss within the original belt represents Lower Huronian for- 
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mations, much metamorphosed by the intrusion of the Republic granite. 
This would be in conformity with metamorphism produced elsewhere 
by this granite. Moreover, evidence from the region south of the 
original Palmer gneiss belt tends to substantiate this conclusion. 


REGION SOUTH OF THE PALMER GNEISS BELT 


The majority of outcrops observed south of the Palmer gneiss belt 
consist of granite and amphibole or biotite gneiss, but some small 
outcrops of rock have escaped severe metamorphism, and these patches 
furnish valuable information regarding the probable origin of some 
of the gneiss. Certain outcrops, particularly in section 32, have the 
appearance of graywacke in one part of the outcrop but furnish con- 
tinuous exposure through gneiss into granite. Microscopic examina- 
tion of some of the rocks with the appearance of graywacke shows 
the presence of subangular to rounded grains of quartz and feldspar 
in a chloritic matrix and indicates their fragmental nature. A grada- 
tional series of specimens, from apparent graywacke into granite, 
shows (1) rounded quartz and feldspar grains, some of the latter much 
altered, in a chloritic matrix; (2) rounded quartz and feldspar grains, 
rimmed and partly replaced by epidote, in an amphibole matrix; or 
(3) subangular to rounded quartz, sericitized feldspar, and an amphi- 
bole matrix; followed by (4) gneiss showing somewhat rounded spots 
of quartz and feldspar, some of which apparently are newly formed, 
as well as irregular masses of those materials, and biotite instead 
of amphibole, or a gneissoid or granitic rock containing rounded 
spots of sericite, quartz, and feldspar amidst large feldspar crystals. 
From series such as this it seems apparent that some of the gneiss 
south of the Palmer gneiss belt has been derived from sedimentary 
rocks. In view of the fact that but a relatively small part of the 
total thickness of the Mesnard formation is accounted for in the 
definitely identified Mesnard quartzite within the Palmer gneiss belt, 
there is a strong indication that the fragmental material south of 
the Palmer gneiss area represents the lower part of the Mesnard for- 
mation and that at least part of the gneiss was derived from such 
material as a result of the intrusion of the Republic granite and the 
metamorphism thus produced. On a small scale, the disappearance 
of the Lower Huronian Mesnard quartzite in the Palmer area appears 
to be analagous with the disappearance of the Huronian formations 
in Ontario.?* 


16T, T. Quirke and W. H. Collins: The disappearance of the Huronian, Geol. Survey, Canada, 
Mem. 160 (1930). 
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Although isolated patches of fragmental rocks do occur south of 
the Palmer gneiss belt, and grade into gneiss, and much of the gneiss 
within the belt probably was derived from Huronian formations, the 
difficulty of separating the sediment and gneiss outcrops from the 
granite and other igneous rocks is so great that it seems advisable 
to designate as granite everything south of definitely identified Huro- 
nian sediments in more or less continuous belts. This practice has 
been followed on the revised map of the area (Fig. 7). The Palmer 
gneiss, as a separate formation, thus disappears from the map of the 
area, its place being taken by Huronian sediments and by granite 
of post-Upper Huronian age, the latter including some gneiss, diorite, 
diabase, sediments, and possibly some Archean rocks, from which it 
was not feasible to separate it. 


STRUCTURE 


It is extremely difficult to trace for any distance and with certainty 
all structural features within the Palmer gneiss belt, due to the pres- 
ence of a major unconformity, to the obliteration of bedding by shear- 
ing and fracturing, to at least three periods of igneous intrusion— 
two basic and one granitic, one of the basic intrusions older, the other 
younger than the granitic intrusion—to close folding, and to faults, 
some of which may be of considerable magnitude. 

Throughout much of the region the folding is close and complex, 
and the dips, especially in the middle and eastern parts of the belt, 
approach verticality. In a broad, general way, the structure may be 
said to follow rather consistently the structure of the overlying iron 
formation, even though the Lower and Middle Huronian series are 
unconformable. This similarity of structure is due to the fact that 
both series form part of the southern limb of the Marquette syn- 
clinorium. However, the structure departs radically from that of the 
iron formation in some places, especially near igneous intrusions or 
near areas in which faulting appears to have been extensive. 

Minor faults are abundant throughout the area, and it is likely 
that several major faults exist. No attempt was made to locate the 
many minor faults observed, as the displacement along them is insig- 
nificant, but conditions shown along a number of them were sketched 
in order to portray the type of faulting existing in the area and the 
character of displacement that might be expected along any major 
fault (Fig. 8). 

The faults observed in the area trend, in general, in three direc- 
tions—northwest (Fig. 8a), northeast (Fig. 8b), and nearly east-west. 
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All major faulting apparently is along east-west trending lines, such 
as the large fault forming the northern boundary of the Palmer basin 
(Fig. 2).17 Each observed fault with this trend dips north more 
steeply than do the beds, and the character of displacement is such 
that either repetition or omission of beds might be caused, depending 
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Ficure 8.—Maps and sections showing types of faulting in the Palmer area 


All sketches drawn to scale, but the scales differ. Displacements are all small—from a few inches 
to a foot or two. 


upon the relation between erosion, dip of fault surface, and dip of 
bedding (Fig. 8e). 

There are many indications of major faulting in the area, especially 
near the contact between the Ajibik quartzite and the Palmer gneiss 
belt. Throughout much of the region this contact is marked by a 
valley rarely over 150 feet wide and in many places having a width 
of but 20 or 25 feet. In many places the walls of this valley are 
steep, the bare rocks are sheared, and surfaces show the presence of 


17 A diabase dike, not shown on maps of the area, trends nearly east and west and cuts the 
Negaunee iron formation. This dike can be traced for several miles and apparently it has 
suffered no major displacement from cross-cutting faults. 
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slickensides. Moreover, large blocks of rock, apparently fault blocks, 
are to be found in some places within the valley. Granite intrusions 
occur on both sides of the valley, but in some places large masses 
of relatively pure granite occur on one side of the valley whereas 
within 50 feet or less, on the other side of the valley, granite appar- 
ently is absent. Many indications along this valley point to faulting 
of some magnitude, but there is no good horizon marker by means 
of which the amount can be established, as it apparently occurs close 
to the base of the Ajibik quartzite, the lowest formation of the Middle 
Huronian series, which overlies the Lower Huronian series with marked 
unconformity. Faulting at this horizon, which is a zone of weakness, 
might well be expected. 

In addition to the probable faulting near the base of the Ajibik 
quartzite, a small but fairly persistent fault occurs south of the Palmer 
gneiss belt, extending in general along the northern side of State 
road M 35 (Fig. 7), but neither the dip of the fault surface nor the 
type of displacement could be ascertained. South of this road is the 
oversized valley of Werner Creek, into which the fault passes to the 
eastward. This valley was undoubtedly enlarged during glacial time 
and probably carried off much of the flood water of the region. The 
question may be raised, however, whether the fault north of this 
valley may not be a branch of or extend parallel to a much larger 
fault within the valley. Extensive faulting such as this would not 
be surprising, in view of the magnitude of faulting along the northern 
side of the Palmer basin (Fig. 2). Moreover, some miles farther 
north there is another large fault..* Between these two northern 
faults there apparently is a fault block of some magnitude. Conse- 
quently, it may in time be demonstrated that a large fault exists south 
of the Palmer region, and that this area, which is in a sense a unit, 
is in reality a fault block. , 

CONCLUSIONS 


It has been shown that the Palmer gneiss, originally described 
as part of the Archean Basement Complex cut by Laurentian granite, 
in reality consists of a variety of Huronian sediments—conglomerates, 
quartzites, dolomite, graywacke, and slate—intruded by granite which 
the writer believes to be of post-Upper Huronian age; diorite of post- 
Lower Huronian age or younger, which intrudes part of the sediments; 
olivine diabase younger than the granite; gneiss; and possibly some 
Archean rocks. 


%8C. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. 8. Geol. Surv., 
Mon. 52 (1911) pl. 17. 
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PHOTOMICROGRAPHS OF AJIBIK QUARTZITE AND MESNARD FORMATION 
WITHIN PALMER GNEISS BELT COMPARED WITH THE SAME FORMATIONS 
NEAR NEGAUNEE AND MARQUETTE 
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The sediments are thought to belong to two great unconformable 
series of Middle and Lower Huronian age. The Middle Huronian 
series is represented by only a small part of the Ajibik quartzite, which 
contains granite intrusions. The base of this quartzite is conglom- 
eratic and serves as a means of separating the Ajibik quartzite from 
the underlying formations. The Lower Huronian series is represented 
by approximately the lower 200 feet of the Kona dolomite and the 
upper part of the Mesnard quartzite. These two formations lie uncon- 
formably beneath the Ajibik quartzite, the latter sometimes resting 
upon the Kona dolomite and sometimes directly upon the Mesnard 
quartzite. The Wewe slate apparently is absent. It appears likely 
that these sediments were earlier designated Palmer gneiss because 
the granite which intrudes them was thought to be of Laurentian age. 

Much of the gneiss within the Palmer gneiss area apparently was 
derived from Middle and Lower Huronian sediments as a result of 
granite intrusion, as well as great pressure, as such sediments grade 
into gneiss near granite intrusions, and patches of recognizable sedi- 
ments were observed within the gneissoid area south of the Palmer 
gneiss belt. Some of the gneiss may have originated from the meta- 
morphism of post-Lower Huronian diorite, and such diorite intru- 
sions themselves may have been a contributing factor in the meta- 
morphism of the sediments. Part of the gneiss may be altered Archean 
rocks, but no material that could be definitely identified as Archean 
was observed, as the base of the Lower Huronian series was not found. 

The structure of the area is complex. The Huronian sediments have 
been closely folded, much shattered, and sheared. Many minor faults 
occur, and some major faults are thought to exist. 


Pirate 93.—PHOTOMICROGRAPHS OF AJIBIK QUARTZITE AND MESNARD FORMATION 
WITHIN PALMER GNEISS BELT COMPARED WITH THE SAME FORMA- 
TIONS NEAR NEGAUNEE AND MARQUETTE 


(A) Ajibik quartzite from Palmer gneiss belt, showing subangular to rounded quartz grains 
in sericitic matrix. Crossed nicols, X 64. 

(B) Ajibik quartzite from vicinity of Negaunee. Crossed nicols, X 64. 

(C) Ajibik quartzite from Palmer gneiss belt, showing rounded quartz grains in hematite 
cement, Crossed nicols, x 27. 

(D) Ajibik quartzite from vicinity of Negaunee, without as much hematite in the cement. 
Crossed nicols, X 27. 

(E) A similar phase of the Mesnard formation from the Palmer gneiss area, containing more 
sericite. Without analyzer, x 13. 

(F) Mesnard formation from vicinity of Marquette. Large and small quartz grains, and 
sericite. Note similarity to Mesnard formation from Palmer gneiss area. Crossed 


nicols, X 13. 


: 
| 
4 


INDEX TO VOLUME 46 (January-June) 


Page 
Ace of the schists of the South Valley Hills, ~ 


ALGONKIAN unconformity in western Mon- 
tana, Cambrian — 
Attison, I, S.: Glacial erratics in Willa- 
mette Valley 
ALTerep volcanic materials and related 
clays, Distribution of Ordovician .... 
Ana.ysis of the gravity anomalies for the 


Black Hills-Bighorn-Beartooth Region 393 


— — — St. Peter sandstone, Sedimentary 
and petrographic 
ANOMALIES at stations in the West Indies, 
Significance of gravit 
— for the Black Hills-Bighorn-Beartooth 
Region, Analysis of the gravity .... 
Anrarciica, Structure of the Queen Maud 
Mountains 


Baitey, T. L.: Lateral change of fauna in 
the Lower Pleistocene 
BasaL Pennsylvanian transgression in the 
Ozarks 
Basatic rocks in the Umpqua formation . . 
Basserr, F.: Stratigraphy and paleon- 
tology of the Dundee limestone of 
southeastern Michigan 
Bevs, Conodonts of the Glenwood 
Berry, E. W., and Hawkins, A. C.: Flora 
of ag Pensauken formatiun in New 


Brack Hills - Bighorn - Beartooth Region, 
Geologic analysis of the gravity anom- 
alies for the 
Bowie, WiLt1aM: Significance of gravity 
anomalies at stations in the West 
British Cotumsata, Fiord-land of 
Broverick, T. Differentiation in lavas 
of the Michigan Keweenawan 


CaMBRIAN-ALGONKIAN unconformity in west- 
ern Montana 
CentraL Oregon, Newberry volcano of .... 
— Pennsylvania, Hamilton group of .... 
Cuapwicx, G. H.: Chemung is Portage ... 
—— —: Faunal differentiation in the Up- 
per Devonian 
CuamsBertin, R. T.: Geologic analysis of 
the gravity anomalies for the Black 
Hills-Bighorn-Beartooth Region 
Cuance of fauna in the Lower Pleistocene, 
Lateral .. 
Cuemunc is Portage 
Cuays, Distribution of Ordovician altered 
volcanic materials and related 
Creaves, A. B., and Fox, E. F.: Geo 
of the west end of Ymer Island, ad 
Greenland 


Co.tiins, W. H.: Geology and literature .. 355 


Convuction applied to geological prob- 
lems, Theory of heat 
Conononts of the Glenwood beds 
Cooper, G. A., and J. S.: Tully 
formation. of New York 
CorreLation of the more important marine 
Permian sequences 


Daxe, C. L.: Basal Pennsylvanian trans- 
gression in the Ozarks 
Detss, Cuartes: Cambrian-Algonkian un- 
conformity in western Montana .... 
DEVELOPMENT of thrust faults 
Devonian, Faunal differentiation in the 
Upper 
DIFFERENTIATION in lavas of the Michigan 
Keweenawan 


— - — the Upper Devonian, Faunal 
Disrrisution of Ordovician altered volcanic 
materials and related clays 
Duwnovee limestone of southeastern Michigan, 
Stratigraphy and paleontology of the. . 


425 


East Greenland, Geology of the west end 
4 


of Ymer Island 
Eocene, New genus of rodent from the Sespe 
Erosion marginal to a Plateau glacier .... 
— remnant of a great overthrust 
Erratics in Willamette Valley, Glacial . 
Evo.ution of rock fans and pedimen 

Origin and 


Fans and pediments, Origin and evolution 
of rock 
Favutts, Development of thrust 
Fauna in the Lower Pleistocene, Lateral 
change of 
Faunat differentiation in the Upper Devo- 
nian 
Fiorp-land of British Columbia 
FLInt, 
southern Okanogan region 
—_ of the Pensauken formation in New 


Fox, E and Creaves, A. B.: Geology 


61 
985 
. 157 
- 615 


R. F.: Glacial features of the ‘ 


of the west end of Ymer Island, East 4 


Greenland 


Geotocic analysis of the gravity anomalies 
for the Black Hills-Bighorn-Beartooth 
Region 

Geotocica problems, Theory of heat con- 
duction applied to 

GeoLocy and literature 

— of the west end of Ymer Island, East 
Greenland 

GLactaL erratics in Willamette Valley .... 

features of the southern Okanogan 

region 

Guacter, Erosion marginal to a Plateau .. 

Gienwoop beds, Conodonts of the 

Govutp, Lawrence: Structure of the Queen 
Maud Mountains, Antarctica 

in Virginia, Hypersthene 

Gravity anomalies at stations in the West 
Indies, Significance of 

— — for the Black Hills-Bighorn-Bear- 
tooth Region, Analysis of the 

— Lake, Mineragraphy of the ores 


Ymer Island, East 
HaMILTon group of central Pennsylvania .. 


Hawkins, A. C., and Berry, E. W.: Flora 
of % Pensauken formation in New 


Jerse: 
H., and Kipp, D. F.: Mine- 
—— of the ores of Great Bear 


Heat i ied to geologi 

blems, Theory ‘of 
HicHianps near Reading, Pennsylvania .. 
HypersTHENE granodiorite in Virginia .... 


Jonas, A. I.: 
Virginia 

— — and Srose, G. W.: Highlands near 
Reading, Pennsylvania; an erosion rem- 
nant of a great overthrust sheet 


Hypersthene granodiorite in 


Kay, G. M.: Distribution of Ordovician 
volcanic materials and related 
ays 


195 


47 


Page ; 
305 ; 
225 4 
95 
= : 
615 
225 63 
559 
869 999 
393 om 
973 409 
489 : 
305 2 
697 633 
961 
69 
425 245 
125 
245 
393 393 
69 
869 355 : 
463 
503 615 
169 
95 985 : 
253 125 : 
195 
305 973 
4 
305 
869 
393 393 ; 
489 879 
305 
a 
225 
= 
463 
245 
69 
125 879 : 
781 69 
757 
1 | 
697 47 x 
95 
409 757 
305 
503 225 i 
(1163) 


1164 


Page 


KeweenawAN, Differentiation in lavas of 
the Michigan 

Kipp, D. F., and Haycocx, M. H.: Mine- 
ragraphy of the ores of Great Bear 


LareraL change of fauna in the Lower 
Pleistocene 

Lavas of the Michigan Keweenawan, Dif- 
ferentiation in wee 

Limestone of southeastern Michigan, 
Stratigraphy and paleontology of the 
Dundee 

Lirerature, Geology and 

Lovertnc, T. S.: Theory of heat conduc- 
tion applied to geological problems .. 

Lower Pleistocene, Lateral change of fauna 


Marine Permian sequences, Correlation of 
the more important 

Micuican Kew 
lavas of the 

—, Stratigraphy and paleontology of the 
Dundee limestone of southeastern ... 

Miter, B. L.: Age of the schists of the 
South Valley Hills, Pennsylvania 

MrneracraPHy of the ores of Great Bear 


Montana, Cambrian-Algonkian uncon - 
formity in western 


New genus of rodent from the Sespe Eocene 

New Jersey, Flora of the Pensauken forma- 
tion in 

New York, Tully formation of 

Newserry volcano of central Oregon .... 


OKANOGAN region, Glacial features of the 
southern 

Orpovician altered volcanic materials and 
related clays, Distribution of 

Orecon, Newberry volcano of central 

Ores of Great Bear Lake, Mineragraphy of 
the 

Oricrn and evolution of rock fans and 
pediments 

OvertHrust sheet, Erosion remnant of a 
great 

Ozarks, Pennsylvanian transgression 


Pateontotocy of the Dundee limestone of 
southeastern Michigan, Stratigraphy 


and 

Senex, M. A.: Fiord-land of British 
Columbia 

Pepiments, Origin and evolution of rock 
fans and 

PennsytvaniA, Age of the schists of the 
South Valley Hills, 

—; an erosion remnant of a great over- 

thrust sheet, Highlands near Reading, .. 

—, Hamilton group of central 

PENNSYLVANIA transgression in the Ozarks, 
Basal 

PensavuKen formation in New Jersey, Flora 
of th 

PerMiaAN_ sequences, Correlation of the 
more important marine 

PetrocraPHic analysis of the St. Peter 
sandstone, Sedimentary and 

Prateau glacier, Erosion marginal to a .. 

Preistocene, Lateral change of fauna in the 
Lower 

Portace, Chemung is 

Pre-Camsrian life 


Queen Maud Mountains, Structure of .. 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 


Raymonp, P. E.: Pre-Cambrian life 

Reavinc, Pennsylvania, Highlands near .. 

Recion, Glacial features of the southern 
Okanogan 

Remnant of a great overthrust sheet, Ero- 
sion 

Ricu, J. L.: Origin and evolution of rock 
fans and pediments 

Rock fans _ pediments, Origin and evolu- 
tion 

weer 3 from the Sespe Eocene, New genus 


Mit Sedimentary and petrographic 
analysis of the St. Peter 


559 


Schists of the South Valley Hills, Age of 715 


Scuucuert, CuHarLes: Correlation of the 
more important marine Permian se- 
quences 

Sepimentary and petrographic analysis of 
the St. Peter sandstone 

Sequences, Correlation of the more im- 
portant marine Permian 

on New genus of rodent from 
the 

SisniFicance of gravity anomalies at sta- 


tions in the West Indies ............ 869 


SoutH Hurts, Age of the schists of. . 

St. Perer sandstone, Sedimentary and 
petrographic analysis of the 

Sraurrer, C. R.: Conodonts of the Glen- 
wood beds 

Stock, CHester: New genus of rodent from 
the Sespe Eocene 

Stose, G. W., and Jonas, A. I.: Highlands 
near Reading, Pennsylvania; an ero- 
sion remnant of a great overthrust 
sheet 

SrraticRaPHy and paleontology of _the 
Dundee _limest of 
Michigan 

Srructure of the Queen Maud Mountains, 
Antarctica 


Tueory of heat conduction applied to geo- 
logical problems 

Tuer, G. A.: 
graphic analysis of the St. 
sandstone 

Turust faults, Development of 

Tutty formation of New York 


Umpqua formation, Basaltic rocks in the .. 

UNCONFORMITY in western Montana, Cam- 
brian-Algonkian 

Uprer Devonian, Faunal differentiation in 


Sedimentary and petro- 
Peter 


Vircin1a, Hypersthene granodiorite in 

VoLcanic materials and related clays, Dis- 
tribution of Ordovician altered 

Voicano of central Oregon, Newberry 

von Encetn, O. D.: Erosion marginal to a 
Plateau glacier 


Wetts, F. G., and Waters, A. C.; Basaltic 
rocks in the Umpqua formation 

West Inv1gs, Significance of gravity anoma- 
lies at stations in the 

Wittametre VALLey, Glacial erratics in .... 

Wittarv, Braprorp: H: ton group of 
central Pennsylvania 

WILLIAMs, Pet Newberry volcano of 
central 

—, J.S., and G. A.: Tully forma- 
tion of New York 

Wits, Rosin: Development of thrust 
faults 


Page 
375 
503 757 
169 
757 
489 999 
61 
425 
355 
= 
in th 1 
1 559 
715 
125 
61 
61 
253 
169 
425 
225 
973 
879 
999 
757 559 
697 781 
425 95 
47 
757 
195 = 
697 961 
245 869 
615 
1 
195 
559 
085 
489 781 
305 
375 
973 Yen Istanp, West end of............... 463 


BULLETIN OF THE GEOLOGICAL SOCIETY OF AMERICA 
VOL. 46, PP. 1165-1194, 4 FIGS. AUGUST 31,1935 
PROCEEDINGS OF THE PALEONTOLOGICAL SOCIETY 


RELATIONS OF THE SILURIAN ROCHESTER AND 
McKENZIE FORMATIONS NEAR CUMBERLAND, 
MARYLAND, AND LAKEMONT, PENNSYLVANIA*t 


BY FRANK MC KIM SWARTZ 


(Read before the Paleontological Society, December 28, 1933) 


CONTENTS 


Description of the Rochester-McKenzie section at the south end of Rose Hill, 


Description of the Rochester-McKenzie section at Lakemont, Pennsylvania . 1175 

Drepanellina clarki zone (restricted) 1179 


Stratigraphic relations of the deposits. ........0..cccccssccccccsccccscos 1187 
Upper limit of the Rochester shale in Maryland and Pennsylvania...... 1187 
Relations of the McKenzie shale and limestone..................+005 


INTRODUCTION 


The age and relationships of the McKenzie shale and limestone have 
presented important problems in the study of the Silurian rocks of the 
middle Appalachian area. As has been shown by the writer in a recent 
paper, even the later views concerning the position and character of 


“Manuscript received by the Secretary of the Society, May 3, 1934. 
¢ Published with the permission of the State Geologist of Pennsylvania. 

1F. M. Swartz: Silurian sections near Mount Union, central Pennsylvania, Geol. Soc. Am., Bull., 
vol. 45 (1934) p. 121-126. 
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1166 F. M. SWARTZ—RELATIONS OF ROCHESTER-MCKENZIE FORMATIONS 
the boundary with the underlying Rochester shale, and correlations 
with New York formations, are open to question. The present study 
summarizes results obtained by careful review of the lithology and 
faunas of the Rochester shale and lower part of the McKenzie shale 
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Ficure 1.—Indez map showing location of sections 


and limestone in the classical sections at the south end of Rose Hill, 
near Cumberland, Maryland, and at Lakemont, between Hollidays- 


burg and Altoona, Pennsylvania. 
The Rose Hill section was visited with Dr. Charles K. Swartz, to 


whom the writer is further indebted for criticisms and suggestions 
concerning the views expressed in this paper. 


PREVIOUS VIEWS ON THE RELATIONS OF THE ROCHESTER 
AND McKENZIE FORMATIONS 


The divergent opinions of previous workers on the correlation of the 
Rochester and McKenzie deposits of western Maryland and adjoining 
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areas, with the formations of western New York, are summarized in 
Figure 2. The McKenzie beds were not separated as a distinct forma- 
tion by early workers. O’Harra? and Schuchert* included them in 
the “Niagara formation” and “Upper Niagaran,” respectively, but 
with rather vague limits. They were described somewhat more fully 
in 1908 by Prouty,* who included them with the underlying Dalmanites 
limulurus zone in his “Rochester Formation.” 

The name, McKenzie formation, was used by Ulrich in a correlation 
chart in 1911,° and the formation was described in 1912 by Stose, with 
faunal and correlation studies by Ulrich. The name was taken from 
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Ficure 2.—Comparison of previous views on the relations of the Rochester and McKenzie 
formations 


a locality about 8 miles southwest of Cumberland, Maryland. The 
Cumberland sections were not described, but Prouty’s Dalmanites 
limulurus zone was considered Rochester in age, whereas the overlying 
beds of his “Rochester formation” were referred to the McKenzie. 

In the Hancock area, about 35 miles east of Cumberland, the base 
of the McKenzie was placed by Stose and Ulrich at the base of the 
Keefer sandstone, named from Keefer Mountain, near Hancock. A 
zone of Dalmanites, reported in a thin bed of limestone just below the 
Keefer sandstone, was correlated with the D. limulurus zone of the 
Cumberland area, and with the Rochester shale of western New York. 


2C. C. O’Harra: The geology of Allegany County, Md. Geol. Surv., Allegany County (1900) 
p. 91, 92. 

8 Charles Schuchert: On the Lower Devonic and Ontario formations of Maryland, U. 8. Nat. 
Mus., Pr., vol. 26 (1903) p. 424. 

4W. F. Prouty: The Meso-Silurian deposits of Maryland, Am. Jour. Sci., vol. 25 (1908) p. 563-576. 

SE. O. Ulrich: Revision of the Paleozoic Systems, Geol. Soc. Am., Bull., vol. 22 (1911) pl. 78. 

6G. W. Stose and C. K. Swartz: Description of the Pawpaw and Hancock quadrangles {Md.- 
W. Va.-Pa.], U. S. Geol. Surv., Geol. Atlas U. 8., Folio No. 179 (1912) p. 5, 6. 
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Eurypterids were found in black shale beds in the Keefer sandstone, 
and were considered close to, if not identical with, Hughmilleria socialis 
of the basal Cayugan Pittsford shale of western New York. They 
were also compared with H. shawangunkensis of the Shawangunk 
conglomerate of southeastern New York, then believed to be early 
Cayugan in age. A relatively small fauna was listed from the beds 
above the Keefer, with the statement that the ostracodes in particular 
show strong Cayugan affinities. It was accordingly concluded that 
the McKenzie formation, including the Keefer sandstone at its base, 
is early Cayugan in age, and hence that beds of the age of the Lock- 
port limestone of western New York are absent in the Hancock area 
by virtue of an unconformity at the base of the Keefer sandstone. It 
was tentatively suggested that the Keefer might be a tongue from the 
basal part of the Shawangunk. 

The Rochester and McKenzie formations of Maryland were described 
in further detail by C. K. Swartz and W. F. Prouty in 1923.7. The 
ostracodes which form a large proportion of the fauna were described 
by Ulrich and Bassler, and the remaining fossils were identified by 
Prouty. It was shown by Swartz and Prouty that the Keefer sand- 
stone of the Hancock area is continuous with the sandstone lying 
below the Dalmanites limulurus zone in the Cumberland area, and 
contains Rochester species. It was hence considered a lower member 
of the Rochester shale. 

The Rochester-McKenzie boundary was placed at the top of the 
Nucleosyira pisiformis zone of Prouty’s earlier report, this species 
being described under the name Whitfieldella marylandica. It was 
stated that the position of the boundary was based upon the abrupt 
change occurring in the ostracode faunules at this horizon, according 
to the studies of Ulrich and Bassler. 

In summarizing the faunal and stratigraphic relations of the Mc- 
Kenzie beds, C. K. Swartz concluded that the non-ostracode species 
exhibit strong Niagaran affinities, but added:* “The ostracodes, on the 
contrary, indicate a close relationship between the McKenzie and Wills 
Creek, according to the identifications of Ulrich and Bassler. None 
of the Rochester ostracodes passes into the McKenzie, while one species 
is common to the McKenzie and Wills Creek. Ulrich states, however, 


7™C. K. Swartz: Stratigraphic and p tologt lati of the Silurian strata of Maryland, 


Md. Geol. Surv., Silurian (1923) p. 31-39; Covealetion of the Silurian formations of Maryland with 
those of other areas, Md. Geol. Surv., Silurian (1923) p. 198-206. W. F. Prouty and C. K. Swartz: 
Sections of the Rose Hill and McKenzie formations, Md. Geol. Surv., Silurian (1923) p. 53-104. 
8C. K. Swartz: Correlation of the Silurian formations of Maryland with those of other areas, 
Md. Geol. Surv., Silurian (1923) p. 203, 204. 
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that the ostracodes which make up so much of the McKenzie fauna 
are distinctly Cayugan in type and calls attention to the abrupt change 
at the top of the Rochester. . . . The sharp transition in the charac- 
ter of the ostracodes seems to indicate an hiatus between the Rochester 
and McKenzie, although the similarity of the non-ostracode elements 
does not suggest a long interval.” With respect to physical evidence 
of the supposed unconformity,’ it was stated: “Dr. Ulrich believes 
that the evidence of an unconformity between the Rochester and Mc- 
Kenzie is to be seen in Pennsylvania,’° but its existence is not clear 
in Maryland.” It was pointed out, however, that the Cayugan age 
of the McKenzie is supported by the fact that the upper part of the 
McKenzie interfingers with the Cayugan Bloomsburg red beds in the 
Hancock area." 

The ostracode zones of the Clinton group were extensively discussed 
by Ulrich and Bassler in connection with their monumental work on 
the ostracodes of the Silurian rocks of Maryland. These writers de- 
scribed a number of sections of the Clinton beds of central Pennsyl- 
vania, largely based on measurements by Charles Butts. The name 
“Lakemont formation” was proposed for the Upper Clinton of the 
area, from a section near Lakemont Park, between Hollidaysburg and 
Altoona.’? The beds above the Keefer sandstone, corresponding to the 
Rochester shale of Swartz and Prouty, were termed the Drepanellina 
clarki zone, from an abundant and distinctive ostracode. A large 
fauna was listed from this zone at Lakemont, including Dalmanites 
limulurus, Homalonotus delphinocephalus, Paraechmina spinosa, Dizy- 
gopleura symmetrica, and other species of the Rochester shale of western 
New York. 

Ulrich and Bassler did not describe the McKenzie beds at Lakemont, 
nor list their fauna, except for the following statement: “At the base 
one or two thick ledges of irregularly laminated argillaceous limestone, 
weathering into boulder-like masses, indicating reefy deposition; con- 
tains an abundant fauna comprising corals, Spirorbis, ostracoda, and 
brachiopods, all different from preceding faunules. . . . In the road- 
side cut at Lakemont . . . the bed is 10 to 12 feet thick, characteris- 
tically developed, and its relations to overlying and underlying beds 
well displayed.” Elsewhere, they discussed the correlation of the 
McKenzie formation, strongly supporting the views that there is a 


°C. K. Swartz: op. ctt., p. 204. 

20 Presumably in Ulrich’s section at Lakemont, Pennsylvania. 

11C, K. Swartz: op. cit., p. 205. 

122E,. O. Ulrich and R. 8S. Bassler: Paleozoic ostracoda, their morphology, classification, and 
occurrence, Md. Geol. Surv., Silurian (1923) p. 358-362. 


1170 ¥F. M. SWARTZ—RELATIONS OF ROCHESTER-MCKENZIE FORMATIONS 


marked and abrupt faunal break between the Rochester and McKenzie 
deposits, that the McKenzie is Cayugan in age, and that the Lockport 
limestone of western New York is absent in the middle Appalachian 
region because of an unconformity at the base of the McKenzie beds.** 

The writer has recently published a study of Silurian sections near 
Mount Union and Lewistown in central Pennsylvania. The faunal 
and lithologic sequences of the Rochester and McKenzie near Lewis- 
town were carefully described..* It was shown that at this locality 
the Whitfieldella marylandica zone is distinct from the beds containing 
Drepanellina clarki. The Whitfieldella marylandica zone was divided 
into two subzones, the lower one being characterized by Schuchertella 
elegans and Kloedenella cornuta, the upper one by Kloedenia ven- 
tralis. Many of the species on which the Rochester age of the Dal- 
manites limulurus zone of Maryland has been predicated, do not occur 
above the Drepanellina clarki beds; a number pass into the Schucher- 
tella elegans subzone; virtually none is found in the Kloedenia ventralis 
subzone. Furthermore, Kloedenia ventralis and one or two other ostra- 
codes of the upper part of the Whitfieldella marylandica zone recur in 
beds of undoubted McKenzie age. Accordingly, the faunal sequence is 
more complex than has hitherto been recognized in western Maryland 
and at Lakemont. The evidence observed at Lewistown supports the 
view that the McKenzie is post-Rochester in age, but does not favor 
the idea that there is an unconformity at the top of the Whitfieldella 
marylandica zone sufficient in value to cut out all beds of Lockport 
age. In fact, the faunal change at the top of the Drepanellina clarki 
zone is so well defined that this horizon and not the top of the Whit- 
fieldella marylandica zone was provisionally used as the top of the 
Rochester shale of the area. 

The significance of the results obtained by the writer near Lewis- 
town remained uncertain, however, since the relations of the faunal 
zones and boundaries seen there to the horizon believed by Ulrich to 
mark the pre-McKenzie unconformity at Lakemont had not been de- 
scribed, and since the faunal ranges observed at Lewistown do not fully 
agree with those reported in the description of the western Maryland 
sections. In the latter area, for instance, Drepanellina clarki and 
Paraechmina spinosa were recorded in association with Schuchertella 
elegans and with a profusion of Whitfieldella marylandica, and 


13 E. O. Ulrich and R. S. Bassler: American Silurian formations, Md. Geol. Surv., Silurian (1923) 


p. 245-248. 
%4F. M. Swartz: Silurian sections near Mount Union, central Pennsylvania, Geol. Soc. Am., 


Bull., vol. 45 (1934) p. 86-88, 95, 98-100, 118-126, fig. 5. 
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Kloedenia ventralis was not cited from beds above the Whitfieldella 
marylandica zone. Some of the ostracodes of zonal value near Lewis- 
town were listed at only a few localities in Maryland. In order to 
clarify the relations of the several faunal zones, the writer undertook 
a careful study of the lithology and faunas of the Rochester and lower 
part of the McKenzie in the fine sections at the south end of Rose Hill, 
Cumberland, Maryland, and at Lakemont, Pennsylvania. The prob- 
lems raised have an important bearing on the correlation and classi- 
fication of the McKenzie formation. The results obtained by the 
investigation are presented in descriptions of these sections and of 
their faunal zones, given below. 


DESCRIPTION OF THE ROCHESTER-McKENZIE SECTION AT THE 
SOUTH END OF ROSE HILL, CUMBERLAND, MARYLAND 


The Rochester shale and lower part of the McKenzie shale and 
limestone are finely exposed in the cut of the Baltimore and Ohio rail- 
road at the south end of Rose Hill, about 134 miles southwest of 
Cumberland, Maryland.*® Although there are several small faults, the 
sequence of faunal and lithologic zones is much more readily deter- 
mined than in the section six miles farther south, at Pinto, which has 
been considered the type locality of the McKenzie formation. The 
section was examined and measured by C. K. Swartz and the writer 
in June, 1933, fossils being collected with the help of H. G. Hershey 
and C. D. Swartz. The Keefer sandstone, which lies at the base of 
the measured section, can be readily located. Numbers after names 
of fossils give horizons in feet above base of formation. The letters 
aa, a, c, r, signify profuse, abundant, common, and rare, respectively. 
The Rochester-McKenzie boundary is provisionally placed at the top 
of the Drepanellina clarki zone. 


SILURIAN SYSTEM: 
McKenzie SHALE AND LIMESTONE: 


Concealed; about 165 feet thickness to base of Bloomsburg sandstone, 
judging from the section at the north end of Rose Hill. 

Thin-bedded, bluish-gray to dark blue, dense or finely crystalline, 
in part fossiliferous limestone, and interbedded gray calcareous 
shale. Limestone beds of lower 25 feet are 1 to 3 inches thick, 
and tend to weather limonitic. Camarotoechia andrewsi (c) 86, 
(c) 82, (r) 744; Whitfieldella aff. W. marylandica (r) 113, (aa) 


13 W. F. Prouty and C. K. Swartz: Sections of the Rose Hill and McKenzie formations, Md. 
Geol. Surv., Silurian (1923) p. 64-68. 
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112; Leiopteria? sp. (r) 82, (r) 744; Ctenodonta sp. (a) 78; 

Hormotoma sp. (r) 82; Kloedenella nitida? (r) 114, (a) 78, (aa) 

744; K. intermedia var. (aa) 114, (r) 113, (aa) small, 94; Dizy- 

gopleura aff. D. swartzi (r) 744; Eukloedenella sulcifrons (a) 86. 

The upper part of these beds was not thoroughly studied by the 

writer. Prouty reported Orthoceras mackenzicum and Favosites 

cf. niagarensis in the upper 20 65 139 
Thin- to medium-bedded hard dense dark gray to black, largely 

barren limestone, and interbedded gray calcareous shale. Prom- 

inent limestone bed 404 to 414 feet. Occasional somewhat len- 

ticular beds of limestone are composed almost wholly of ostra- 

code remains; other beds contain more or less lenticular bodies 

of flat limestone pebble conglomerate. eticularia bicostata 

(c) 49, (r) 364; Beyrichia moodeyi, punctae small, (r) 52, (a) 49, 

(r) 48, (c) 364; Kloedenia ventralis var., with distinct ventral 

ridge, (r) 364; Kloedenia normalis and varieties, surface finely 

punctate as in previous species, (c) 364; Kloedenella intermedia 

(a) 364; Dizygopleura swartzi var. (r) 52, (aa) 49, (aa) 48, (a) 364 38 = 74 
Thin- to medium-bedded dense dark gray to black barren limestone, 

with thin partings of dark gray shale........................005- 5 = 36 
Medium-bedded dense dark gray to black limestone, 2 feet thick, 

below; gray calcareous shale and some thin beds of limestone, 

above. Reticularia bicostata (c) 294, (r) 284, (r) 274; Beyrichia 

moodeyi (r) 294, (c) 284; Kloedenia cf. K. ventralis (r) 284; 

Kloedenella n. sp. aff. K. intermedia 1® (r) 294, (a) 284 (r) 274; 

Thin-bedded to fissile dark gray calcareous shale and interbedded 

thin beds of dark gray to black largely barren limestone, con- 

taining some lenticular bodies of flat limestone pebble conglom- 

erate. Ctenodonta sp. (r) 25; Leiopteria sp. (c) 24; Hormotoma 

sp. (c) 24; Beyrichia moodeyi (r) 25, (a) 244, (c) 24; Kloedenia 

ventralis (c) 25, (r) 244, (a) 24; Kloedenella n. sp. aff. K. inter- 

media (c) 25, (c) 24; Dizygopleura sp. (r) 24; Octonaria n. sp. 

Thin- to medium-bedded dark gray to black dense barren limestone, 

in layers 2 to 6, rarely 9, inches thick, and containing occasional 

lenses of flat limestone pebble conglomerate. A thin bed of lime- 

stone coquina one foot above base contains fragmental Whit- 

fieldella marylandica (a); Kloedenia ventralis (c), including a 

variety with obsolete ventral node, a variety with this node short 

and pointed, and a variety with a suggestion of an additional 

lobe along the post-dorsal margin of the anterior lobe; Kloede- 

nella n. sp. aff. K. intermedia (c); Dizygopleura reticulata (r); 


18 This species is listed in Figures 3 and 4 under the name Kloedenella immatura. 
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Thickness, 
feet 

Bed Total 
Interbedded gray shale and dark blue-gray fossiliferous limestone, 
below; one-foot bed of dark gray to black oolitic limestone, 
containing flat limestone pebbles, at top. This is the Whitfieldella 
marylandica zone, as restricted in this paper. Whitfieldella mary- 
landica (aa) 84, (aa) 8, (aa) 7; Hormotoma sp. (r) 8, (c) 7; 
Beyrichia veronica (r) 84, (r) 8, (r) 7; Kloedenia ventralis 
(c) 84, (c) 8, (c) 7; Kloedenella n. sp. aff. K. intermedia (c) 84, 
(a) 8, (c) 7; Dizygopleura conjugata (c) 94, varieties with ventral 
groove obsolete or nearly so, (c) 84, (c) 8, (c) 7; D. reticulata, 

Thin-bedded to fissile gray calcareous shale and interbedded thin beds 
of more or less fossiliferous limestone, in part very arenaceous; 
at top a 4-inch bed of dark gray to black oolitic limestone, con- 
taining some flat limestone pebbles. These beds comprise the 
Schuchertella elegans zone. The oolitic bed at the top is first 
seen 100 feet east of the top of the Keefer sandstone, and is 
repeated by faulting 100 feet farther east, where it forms a pro- 
jecting ledge about 6 feet above the base of the exposure in a 
small anticline. Lingula sp. (c) 54; Pholidops squamiformis 
(r) 54, (c) 44, (c) 4, (r) 34; Dalmanella elegantula (r) 54, (c) 44, 
(r) 4, (r) 34, (r) 2, (r) 1; Schuchertella elegans (c) 54, (a) 5, 
(a) 4, (a) 34, (a) 2, (c) 1; Camarotoechia neglecta (rr) 44, (r) 4; 
Reticularia bicostata (c) 54, (c) 44, (c) 4; Whitfieldella mary- 
landica (c) 54, (c) 44, (r) 4, (r) 34, (r) 2, (r) 1; Letopteria sp. 
(r) 54; Hormotoma sp. (c) 54; Tentaculites niagarensis (c) 54, 
(c) 44, (a) 4, (r) 34, (r) 2, (c) 1; Cornulites cf. C. concavus (r) 1; 
Encrinurus ef. E. ornatus, fragmental, (r) 4, (r) 34, (r) 1; Caly- 
mene cf. C. niagarensis (r) 54, (r) 4; Dalmanites ef. D. limulurus, 
fragmental, (r) 443, (c), frontal lobe strongly tuberculose near 
middle, 4, (c) 34; Paraechmina postica and varieties, (c) 54, 
(c), punctate, 5, (a) 44, (a) 4, (aa) 34, (a) 2, (c), punctate, 1; 
Beyrichia veronica var., frill apparently narrow, (r) 54, (c) 4, 
(r) 34, (r) 1; B. sp., female with granulose surface, (r) 54; Kloe- 
denia sp., female, suggests K. ventralis, (r) 54; K.n. sp., lobation 
weak, surface finely punctate, appears to be introductory to 
K. ventralis, (r) 5; Kloedenella cornuta and var. praenuntia 
(c) 54, (r) 5, (c) 44, (c) 4, (a) 34, (a) 2, (c) 1; Dizygopleura 
symmetrica (r) 44, (c) 4, (c) 34, (c) 2, (ec) 1; Bythocypris sp. 


Curnton Group: 


Rocuester SHALE: 


Thin-bedded gray shale, weathering greenish, and interbedded thin 
beds of blue-gray very fossiliferous limestone; the limestone beds 
are more numerous in the upper 54 feet, with a projecting ledge 
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at 20 feet; there are prominent limestones at 144, 84, and 3 feet. 
The upper part of these beds is duplicated by a fault 46 feet east 
of the top of the Keefer. The 3-inch bed of limestone included 
at the top is somewhat arenaceous, less fossiliferous than the 
underlying beds, and litholégically is closer to the beds of the 
Schuchertella elegans zone; it also contains Kloedenella cornuta, 
an important ostracode of that zone. It is placed here, however, 
because of the occurrence of Stropheodonta proutyi, Homalonatus 
delphinocephalus and Drepanellina clarki. Ali three of these 
species are rare. Lingula sp. (r) 254; Pholidops squamiformis 
(c) 25, (r) 204, (r) 114; Dalmanella elegantula (a) 254, (c) 25, 
(r) 194, (r) 114, (r) 3; Leptaena rhomboidalis (c) 14, (c) 114; 
Stropheodonta proutyi and var., (rr) 254, (c) 25, (aa) 204, (aa) 
204, (a) 194, (aa) 14, (aa) 114, (aa) 3; S. proutyi var. with car- 
dinal corrugations well marked near beak, (a) 204, (a) 114, 
(r) 3; Camarotoechia neglecta (r) 254, (c) 25, (a) 204, (c) 204, 
(a) 194, (c) 14, (ce) 114, (c) 3; Atrypa reticularis (c) 194, (c) 14, 
(r) 114; Spirifer crispus (r) 193, (c) 14, (c) 114; Reticularia 
bicostata (r) 25; Whitfieldella marylandica (c) 254, (c) 25; W. 
sp. (r) 204, (r) 3; Cornulites concavus (c) 254, (r) 25; Letopteria 
ef. L. subplana (r) 254, (r) 25; Tentaculites niagarensis (r) 254; 
Homalonotus delphinocephalus and var. lobatus (r) 254, (c) 25, 
(a) 204, (c) 194; Calymene cf. C. niagarensis (r) 194; Dalmanites 
ef. D. limulurus (r) 254; Laccoprimitia? resseri (r) 254, (r) 204, 
(r) 114; Paraechmina spinosa (r) 3; P. intermedia, in part ap- 
proaching P. postica, (c) 194, (c) 14, (c) 114; P. postica (c) 254, 
(a) 25, (r) 204, (c) 204; Beyrichia aff. B. veronica (r) 25, (rr) 194; 
Drepanellina clarki (r) 254, (a) 25, (c) 204, (c) 204, (c) 194, 
(c) 14, (a) 114, (r) 3; Kloedenella cornuta (c) 254; K. cornuta 
var. praenuntia (a) 254, (c) 25, (r) 204, (c) 194; K. cornuta var. 
antecedens (r) 25, (r) 204, (c) 194; Dizygopleura symmetrica 
(c) 254, (r) 25, (r) 204, (r) 204, (c) 194, (r) 14, (ce) 114; D. asym- 
metrica? (r) 114; D. lacunosa, female?, (r) 3; Bythocypris sp. 


Keerer SANDSTONE: 


Thick-bedded hard calcareous sandstone, weathered yellowish; lower 


2 feet shaly; oolitic hematite, the Roberts iron ore, 12 to 13 


Rose Hitt SHALE: 


Olive-green, and much interbedded purplish shale, with a few 1- to 2- 


inch beds of calcareous sandstone. Chonetes novascoticus (c), 
Anoplotheca sulcata (a), 2 feet below top. 


134 134 


rey 
Thickness, 
feet 
Bed Total 
2; 
¥: 
a 
: 


DESCRIPTION OF SECTION AT LAKEMONT, PENNSYLVANIA 1175 


DESCRIPTION OF THE ROCHESTER-McKENZIE SECTION AT 
LAKEMONT, PENNSYLVANIA 


The upper Rose Hill, Keefer, Rochester, and lower McKenzie are 
continuously exposed along the highway to Hollidaysburg, about one 
mile south of Altoona, Pennsylvania, near the top of the hill just north 
of Lakemont Park.’ 

Thickness, 
feet 


SILURIAN SYSTEM: Bed Total 
McKenzie SHALE AND LIMESTONE: 


Concealed. Material in the gutter and beside telephone poles along 
macadam road leading west from highway a little north of hilltop, 
indicates that the McKenzie formation is about 300 to 330 feet 
thick here. The upper 75 to 100 feet contain Camarotoechia 
andrewsi, Spirifer mackenzicus, Homeospira evar var. mary- 
landica, Tentaculites niagarensis, Beryrichia mesleri, Kyammodes 
tricornis, Zygobeyrichia cf. Z. ventricornis, Kloedenella gibberosa, 
Eukloedenella sinuata, Dizygopleura perrugosa, D. gibba, D. cf. 
D. stosei, and Bythocypris phillipsiana. There is a thin red shale 
member, about 10 to 20 feet thick, 100 feet, more or less, below 
the top. Additional fossils were obtained loose along the high- 
way, as follows: 140+ feet: Whitfieldella aff. W. marylandica 
(c), Hormotoma hopkinsi (a), Kloedenella nitida (c), K. inter- 
media (r), Eukloedenella cf. E. sulcifrons (c); 125 +feet: Kloe- 
deella nitida (aa), K. intermedia (c), Dizygopleura sp. (r). 

Thin-bedded gray shale, weathering greenish, and some interbedded 
generally fossiliferous blue-gray limestone, partly concealed. 
Camarotoechia sp. (r) 90; Leiopteria aff. L. subplana (r) 105; 
Clidophorus? sp. (c) 100; Hormotoma sp. (r) 90, (r) 86; Paraech- 
mina bimuralis and variety, in part sparsely punctate, (c) 105, 
(c) 100; Beyrichia sp. (rr) 105; Kloedenia normalis (r) 105, 
variety showing trace of ventral ridge of K. ventralis (c) 100; 
Kloedenella intermedia, posterior angulation strong, (c) 105, 
(c) 90, (aa) 86; Dizygopleura brevisulcata (aa) 105, (c) 100, 
(a) 90; D. sp., sulci reticulate, (rr) 100; Eukloedenella sulcifrons 
(r) 105, (aa) 90, (aa) 86; E. simplex (aa) 105, (c) 90, (c) 86; 
Bythocypre af. B. 106. 25 110 

Thin- to medium-bedded, dark gray, dense, mostly barren, and some 
blue gray fossiliferous limestone, with interbedded dark gray 
shale, the limestone and shale about equal in amount. Camaro- 
toechia sp. (c) 78; Leiopteria sp. (c) 78; Kloedenia normalis 
(c) 78; Kloedenella nitida (a) 78, (aa) 76; K. intermedia (c) 78, 
(c) 76; Dizygopleura swartzi var. (aa) 78, (a) 20 

Thin- to medium-bedded dark gray to black dense barren limestone, 
and interbedded dark gray calcareous shale. The limestone is 
predominant, with only thin shale partings in the beds 523-51, 
49-463, 43-404, 37-334, 30-27, and 26-23 feet. Most of the lime- 


17E. O. Ulrich and R. S. Bassler: Paleozoic ostracoda, their morphology, classification, and 
occurrence, Md. Geol. Surv., Silurian (1923) p. 358-362. 


a 
a 


stone beds show close vertical fractures; lenticular bodies of flat 
limestone pebble conglomerate are common; some of the lime- 
stone beds, particularly between 46 and 37 feet, show raised sandy 
laminae on the weathered surfaces. The lowest beds seem to be 
wholly barren; beginning at 374 feet there are occasional layers 
crowded with fossils, chiefly ostracode carapaces. Cup coral 
(rr) 39; Dalmanella elegantula (r) 39, (c) 38; Reticularia bicos- 
tatus (c) 50, (c) 47, (c) 45, (c), with rather strong ribs, 4334, 
(r) 39, (aa) 38; Trematospira cf. T. camura (c) 80; Leiopteria 
aff. L. subplana (c) 39; Beyrichia moodeyi and variety with very 
fine punctae, (c) 50, (a) 45, (c) 39, (r) 374; Kloedenia ventralis 
(c) 45, (ec) 39; K. normalis and varieties, in part trending toward 
Kyammodes tricornis, (c) 47, (c) 45; Kloedenella intermedia 
(c) 60, (aa) 50, (aa) 47, (a) 45, (a) 434, (c) 39; K. n. sp. aff. 
K. intermedia 18 (c) 38, (a) 374; Dizygopleura swartzi var. (r) 60, 
(c) 47, (c) 45; EHukloedenella punctilosa var., with dimorph, 
(aa) 60; E. cf. E. primitoides var. minor (c) 47................. 


Irregularly thick-bedded, more or less oolitic dark gray limestone, 


with some thin very irregular shale partings. The limestone 
weathers to form boulder-like masses. In the basal foot are 
lenses of dense, more or less laminated limestone, in part finely 
oolitic. Some of this basal material has been broken into flat 
limestone pebble conglomerate. The thick-bedded limestone 
corresponds in character to the “reefy bed” placed at the base 
of the McKenzie at this locality by Ulrich; but as the thickness 
was said to be 10 to 14 feet, the next underlying beds were pre- 
sumably included. Fossils are irregularly distributed in the 
thick-bedded limestones, and include: Favosites cf. F. niagarensis, 
1- to 3-inch coralla (c); Reticularia bicostata (c), largely occur- 
ring in lenticular coquinas; Homotoma sp. (c), Leperditia sp. 
(c) ; Dizygopleura cf. D. conjugata (rr). The rarity of ostracodes 
other than the Leperditia sp. is a striking feature............... 


At base a 1- to 14-foot bed of finely oolitic dark gray barren lime- 


stone; overlain by thin, irregularly bedded, dense to finely oolitic 
dark gray limestone, with a 6-inch bed of calcareous shale at 
bottom and a 1- to 6-inch bed of shale at top. The uppermost 
bed of limestone is variable in thickness, with concretion-like 
knobs on its lower surface, and with lenses of flat limestone pebble 
conglomerate. At 164 feet, just above the lower bed of shale, are 
thin lenses containing Reticularia bicostata (c); Trematospira 
camura (c); Whitfieldella marylandica? (c); Leiopteria cf. L. 
subplana (c); Kloedenia ventralis (c); Kloedenella n. sp. aff. K. 
intermedia (c); Dizygopleura conjugata (r); Eukloedenella cf. 


Thin-bedded to fissile shale, weathering olive green, and interbedded 


lenticular coquinas of Whitfieldella marylandica, 3 feet thick, 
below; interbedded calcareous shale and somewhat lenticular 2- 


38 Listed in Figure 4 under name Kloedenella immatura. 
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Thickness, 
feet 
Bed Total 

to 5-inch beds of gray to dark gray limestone, above, the lime- 

stone predominant, and containing fewer of the Whitfieldella 

coquinas. The limestones of the upper beds are in part sandy 

and weather limonitic; they become barren, dark gray, and dense 

near the top, where they are so similar to the limestones of the 

next overlying beds that it is difficult to draw a line of separation, 

even though this is the approximate position of Ulrich’s pre- 

McKenzie unconformity. These beds comprise the Whitfieldella 

marylandica zone, as restricted in this paper. Whitfieldella mary- 

landica (aa) 134, (a) 13, (aa) 11; Letopteria sp. (r) 83; Beyrichia 

ef. B. veronica (c) 11; Kloedenia ventralis (c) 13, (c) 11; Kioede- 

nella n. sp. aff. K. intermedia (c) 13, (c) 11, (r) 83............... 64 15 
Thin-bedded to fissile gray shale, weathering olive-green, and inter- 

bedded 1- to 5-inch beds of blue gray limestone, weathering limo- 

nitic. The limestones are in part relatively pure and fossiliferous; 

in part they are very arenaceous, with cross-bedded sand laminae 

that weather out in relief. The basal bed exhibits these sand { 

laminae particularly well, and is nearly barren of fossils. At the 

top is a 1- to 14-foot limestone, composed of two beds with an 

intervening shale parting. The apposed surfaces are very irregu- 

lar, the overlying bed having fossiliferous lenses above the 

hollows in the lower bed. The lower bed is dark gray to black 

and oolitic; the upper bed is sparingly oolitic, and, with the 

exception of the fossiliferous lenses at its base, is relatively barren 

and arenaceous. When first examined, it seemed possible that 

the junction of the two beds might represent a disconformity at 

the top of the Schuchertella elegans zone. However, the S. 

elegans fauna is well represented in the upper bed. Pholidops 

squamiformis (r) 6, (r) 5, (r) 3; Dalmanella elegantula (c) 3, 

(c) 2, (c) 1; Schuchertella elegans (r) 84, (aa) 73, (aa) 74, 

(a) 6, (a) 5, (a) 3, (c) 2; Camarotoechia neglecta (r) 6, (rr) 4; 

Reticularia bicostata (c) 84, (r) 73, (c) 6, (c) 1; Whitfieldella 

marylandica (c) 84, (c) 7%, (ce) 74, (c) 6, (c) 5, (r) 2, (ce) 1, 

(r) 4; Cornulites sp. (r) 2, (r) 1; Leiopteria sp. (c) 73; Hormo- 

toma sp. (r) 84; Tentaculites niagarensis (r) 73, (r) 74, (ce) 6, 

(c) 3, (ec) 1; Orthoceras sp. (r) 84; Dalmanites sp. (rr) 3; Parae- 

chmina postica and varieties (c) 6, (aa) 5, (a) 3, (c) 2, (aa) 1, 

(r) 4; Beyrichia veronica or var. (rr) 84, (c), female nodose, 

5, (r) 4; Kloedenella cornuta (r) 74, (c) 6, (c) 5, (c) 3, (ec) 2, 

(a) 1; K. cornuta var. praenuntia (c) 3, (c) 2, (c) 1; K. n. sp. 

aff. K. intermedia (c) 84, (r) 73, (r) 74; Dizygopleura symmetrica 

(r) 6, (c) 3, (r) 2, (c) 1; D. aff. D. conjugata (r) 84, (rr) 73...... 8i = 8 


Cuinton Group: 
RocuesTer SHALE: 


Thin-bedded to fissile gray shale, weathering olive-green, with some 
interbedded highly fossiliferous limestone and a few half- to 
2-inch beds of barren calcareous sandstone. A prominent 6-inch 
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bed of limestone occurs at 364 to 37 feet. Contact with over- 
lying beds sharply defined. These beds form the Drepanellina 
clarki zone as here restricted. Stropheodonta proutyt and variety 
(a) 41, (c) 363, (a) 35, (c) 33, (a) 24, (c) 19, (a) 11, (a) 10, 
(c) 4, (a) 3; Camarotoechia neglecta (c) 41, (c) 36%, (c) 
35, (a) 33, (c) 24, (r) 19, (c) 11, (a) 10, (c) 4, (aa) 3; 
Uncinulus stricklandi (c) 10; Atrypa reticularis (r) 24, (c) 
19, (c) 11; Spirifer crispus (c) 41; Cornulites sp. (r) 41, 
(r) 4; Diaphorastoma niagarense (r) 11; Homalonotus delphino- 
cephalus (c) 41, (c) 19; Dalmanites limulurus (c) 41, (c) 19, 
(r) 11, (ec) 10, (c) 4; Paraechmina postica and varieties (a) 41, 
(aa) 35, (c) 33, (?r) 4; P. spinosa (c) 33, (c) 11, (c) 3; P. abnor- 
mis (r) 33, (r) 3; P. intermedia (c) 24; Drepanellina clarki 
(r) 41, (a) 35, (a) 33, (aa) 24, (c) 19, (a) 11, (ce) 10; Beyrichia 
ef. B. veronica (r) 35, (r) 33; Kloedenella cornuta var. prae- 
nuntia (c) 41, (c) 33; K. cornuta var. antecedens (c) 41, (a) 33; 
Dizygopleura symmetrica (c) 41, (r) 33, (r) 4................0.. 


Keerer SANDSTONE: 


Bed of fossiliferous, in part oolitic, hematite. Stropheodonta sp. (c), 
Schuchertella subplana (c), Atrypa reticularis (a) Camarotoechia 
neglecta (a), Whitfieldella n. sp. aff. W. intermedia (aa)......... 

Prominent bed of very arenaceous limestone or calcareous sandstone, 


: 


weathering soft and ocherous. Lower 6 inches hematitic....... 44 to 5 14 


Arenaecous olive-green shale, with some thin beds of blocky calca- 
reous sandstone in upper part. A 6-inch bed of crystalline 
fossiliferous blue limestone at middle contains Schuchertella sub- 
plana, Whitfieldella n. sp. aff. W. intermedia, and other species. . . 

Hard bed of arenaceous limestone or calcareous sandstone, weather- 
ing to form rounded, boulder-like masses, and becoming limonitic 

Arenaceous shale, weathering olive green, with a 3- to 6-inch bed 
of blocky gray calcareous sandstone at base...................-. 


Rose Hitt SHALE: 


Thin-bedded olive-green and much purplish shale, with occasional 
beds of fossiliferous limestone; 2 to 74 feet below top there are 
three beds of oolitic hematite, 3 to 9 inches thick. At top is a 
lenticular bed of limestone containing Mastigobolbina punctata 
(r), Dizygopleura loculata (r). 


DISCUSSION OF FAUNAL ZONES 
GENERAL STATEMENT 


Study and comparison of the sections at Rose Hill, Maryland, and 
Lakemont and Lewistown, Pennsylvania, show that the Rochester 
shale and the McKenzie shale and limestone are closely similar at 
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these localities. The faunal zones and lithologic divisions seen in 
these sections are summarized in Table 1. 


TaBLe 1—Faunal zones and lithologic divisions of the lower McKenzie and 
Rochester beds at Rose Hill, Maryland, and Lakemont and Lewis- 


town, Pennsylvania 
FAUNAL ZONES 
Kloedenella nitida zone. 


Beyrichia moodeyi zone, with recur- 
rent Kloedenia ventralis. 

Barren zone, largely unfossiliferous, but 
containing 5-foot “reefy bed” at Lake- 
mont, and thin lenses of Whitfiel- 
della marylandica near base 


Whitfieldella marylandica zone (re- 
stricted), with coquinas of that spe- 
cies, and with the lower occurrences 
of Kloedenia ventralis. 


Schuchertella elegans zone, containing 
Kloedenella cornuta, and a consid- 
erable number of Rochester species. 


Drepanellina clarki zone, restricted, 
with abundant fauna. 


Schuchertella subplana zone, not pres- 
ent at Rose Hill. 


LITHOLOGIC DIVISIONS 


Thin-bedded limestone and interbedded 
shale. 


Thin- to medium-bedded dense dark 
gray to black, largely barren lime- 
stone, weathering gray, and inter- 
bedded dark gray shale. Many lenses 
of flat limestone pebble conglomerate. 
Thickness 50 feet or greater. 


Shale and limestone, the latter largely 
weathering gray; in part oolitic and 
containing limestone pebbles; in part 
arenaceous. Thickness 5 to 10 feet. 


Shale and interbedded, generally are- 
naceous limestone; oolitic bed at top 
at Rose Hill and Lakemont. Thick- 
ness 5 to 10 feet. 


Shale and interbedded very fossilifer- 
ous limestone. Thickness 25 to 40 
feet. 


Keefer sandstone. 


The ranges of the species occurring in these zones at Rose Hill and 
Lakemont are shown in detail in Figures 3 and 4. The more important 
lithologic features are also indicated. The writer has published else- 
where a similar chart for these beds as seen near Lewistown.’® 

The Schuchertella subplana zone of the Keefer sandstone was not 
found at Rose Hill, and was not thoroughly studied at Lakemont. The 
writer has previously listed the fauna of this zone as seen at Mount 
Union and Lewistown.”® The characteristics of the remaining zones 


are discussed below. 


DREPANELLINA CLARKI ZONE (RESTRICTED) 

In the area studied, the term Drepanellina clarki zone is considered 
in this paper to include the beds between the top of the Keefer sand- 
stone and the top of the range of Drepanellina clarki. This does not 


19 F, M. Swartz: Silurian sections near Mount Union, central Pennsylvania, Geol. Soc. Am., 


Bull., vol. 45 (1934) p. 120, fig. 5. 


2% F. M. Swartz: op. cit., p. 83, 96, 115, 117, 118, 120. 


otal 
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correspond to previous usage. The beds of both the Schuchertella 
elegans and Whitfieldella marylandica zones were included in the 
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OTHER «SPECIES OF THE 
D CLARW ZONE LIMESTONE 


Ficure 3.—Faunal and lithologic sequences of the Rochester shale and lower part of the McKenzie 
shale and limestone 

Chart showing the sequences as seen at the south end of Rose Hill, Cumberland, Maryland. In 
the graph for each species, the horizontal lines show the horizons at which material was collected, 
and the widths of these lines are roughly indicative of abundance. The writer has mounted speci- 
mens of most of the species from almost all the horizons shown in Figures 3 and 4, and also from 
the sections near Mount Union and Lewistown, previously described. These will facilitate further 
study, as new problems arise. 

In the previous description of this section, the Rochester-McKenzie boundary was placed about 
52 feet above the top of the Keefer sandstone, because of the reported occurrence of Whitfieldella 
marylandica just below that horizon, and of Beyrichia moodeyi in the next overlying beds. 


Drepanellina clarki zone in the previous description of the Lakemont 
section.” 

As above defined, the Drepanellina clarki zone contains a large and 
relatively uniform fauna. There are many species which also occur 
in the Rochester shale of western New York. These include Pholidops 
squamiformis, Uncinulus stricklandi, Spirifer crispus, Dalmanites lim- 


21E. O. Ulrich and R. S. Bassler: Paleozoic ostracoda, their morphology, classification, and 
occurrence, Md. Geol. Surv., Silurian (1923) p. 358-362. 
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ulurus, Homalonotus delphinocephalus, Paraechmina spinosa, Paraech- 
mina abnormis, and Dizygopleura symmetrica. At the same time 
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Ficure 4.—Faunal and lithologic sequences of the Rochester shale and lower part of the McKenzie 
shale and limestone 


Chart showing the sequences as seen at Lakemont, Pennsylvania. Constructed as in Figure 3. 
The fauna of the Keefer sandstone is not shown. The Lakemont-McKenzie boundary was placed 
by Ulrich approximately at the top of the Whitfieldella marylandica zone of this chart. 


there are numerous species unknown in the New York Rochester, 
such as Stropheodonta proutyi,?2 Drepanellina clarki, Paraechmina 


22The writer has proposed the name Stropheodonta proutyi for the species of the Maryland- 
Pennsylvania Drepanellina clarki zone cited in the description of the Maryland sections under the 
name S. corrugata, and in Ulrich and Bassler’s list of Lakemont fossils as S. cf. S. profunda. 
{F. M. Swartz: Silurian sections near Mount Union, central Pennsylvania, Geol. Soc. Am., Bull., 
vol. 45 (1934) footnote p. 118, 119. W. F. Prouty and C. K. Swartz: Brachiopoda, Md. Geol. Surv., 
Silurian (1923) p. 420, 421, pl. 16, figs. 4-9.] The material obtained in Pennsylvania, and the speci- 
mens figured in the Maryland report, rarely exhibit cardinal corrugations comparable to those of 
the New York types of S. corrugata, and are considerably larger. The material recently obtained 
by the writer at Rose Hill includes specimens with well developed cardinal corrugations. These 
do not, however, agree in arrangement with those of the New York specimens of S. corrugata figured 
by Hall (Pal. N. Y., vol 2, pl. 21, figs. 2a-c]. In the latter the corrugations are regularly spaced 
and form an angle of about 45 degrees with the cardinal margin. In the specimens of S. proutyi 
from Rose Hill the corrugations, when present, are crowded near the beak, with outer ones which 
are more distantly spaced and lie at angles of about 25 degrees to the cardinal margin. These Rose 
Hill varieties emphasize the close relation of S. proutyi to S. corrugata, but still permit separation 
from that species. 


a 
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postica, Kloedenella cornuta var. antecedens, and K. cornuta var. 
praecedens. The abundance and persistence of the latter species sug- 
gest that the Drepanellina clarki beds either were not deposited in a 
continuous basin with the western New York Rochester, or that they 
may differ slightly in age. In the latter case, the Drepanellina clarki 
zone would apparently be younger than the type Rochester, since the 
non-Rochester ostracodes are more abundant in the upper part of the 
Drepanellina clarki zone than in its lower part. It does not seem 
possible that these important differences in the New York Rochester 
and Drepanellina clarki zone faunas are due to facies relationships. 
Although the latter zone contains few of the bryozoa, cystids, and 
crinoids that are locally abundant in the New York beds, both faunas 
contain a profusion of like types of brachiopods, trilobites, and 
ostracodes. 
SCHUCHERTELLA ELEGANS ZONE 

The five to ten feet of shale and limestone, immediately overlying 
the Drepanellina clarki zone, are characterized by many specimens 
of Schuchertella elegans, at least in the less arenaceous beds. Other 
species common in this zone include Pholidops squamiformis, Reticu- 
laria bicostata, Whitfieldella marylandica, Tentaculites niagarensis, 
Paraechmina postica, Kloedenella cornuta, and Dizygopleura sym- 
metrica, 

The boundary between the Schuchertella elegans and underlying 
Drepanellina clarki zones is sharply defined by marked faunal changes. 
As is shown in Figures 3 and 4, Stropheodonta proutyi, Homalonotus 
delphinocephalus, Drepanellina clarki, and apparently Kloedenella 
cornuta var. antecedens abruptly disappear at the top of the Drepa- 
nellina clarki zone. Camarotoechia neglecta also virtually disappears; 
but recurs sparingly, together with fragmental Dalmanites cf. D. 
limulurus and Encrinurus cf. E. ornatus, at about the middle of the 
Schuchertella elegans beds, especially at Rose Hill. As seen in the 
field, the sudden dropping out of Stropheodonta proutyi and Drepanel- 
lina clarki, together with the sharp reduction in abundance of Camaro- 
toechia neglecta and generally of trilobite fragments, are striking 
features. Moreover, the basal limestone beds of the Schuchertella 
elegans zone tend to be distinctly arenaceous and nearly barren, espe- 
cially at Lakemont and Lewistown. The boundary between the two 
zones is so well defined that it may represent an hiatus; but the 
considerable number of species crossing it indicates that the break 
could not have been long continued. Furthermore, the presence of 
occasional Camarotoechia neglecta, with Dalmanites cf. D. limulurus, 
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Encrinurus cf. E. ornatus, and Dizygopleura symmetrica, provides the 
Schuchertella elegans zone with a considerable proportion of Rochester 
elements. These are more conspicuous at Rose Hill than farther north. 

The faunal change between the Drepanellina clarki and Schucher- 
tella elegans zones is rendered less abrupt at Rose Hill than at Lake- 
mont and Lewistown by the introduction of Reticularia bicostata, 
Whitfieldella marylandica, and Kloedenella cornuta at the top of the 
Drepanellina clarki zone. Kloedenella cornuta was found in only the 
uppermost three-inch bed containing Drepanellina clarki. In this bed 
Stropheodonta proutyi, Homalonotus delphinocephalus, and Drepanel- 
lina clarki are all rare, while lithologically the bed appears to belong 
to the Schuchertella elegans rather than to the Drepanellina clarki zone. 
It would be interesting to suppose that the Drepanellina clarki zone 
species are present in this bed because of reworking of underlying mate- 
rial; but this view is not adequately supported by the available data. 


WHITFIELDELLA MARYLANDICA ZONE (RESTRICTED) 


There are five to ten feet of shale and limestone above the Schucher- 
tella elegans zone, which are characterized by a profusion of Whit- 
fieldella marylandica. Many of the limestone beds are almost wholly 
composed of the shells of this species. The fauna differs in many 
respects from those of the underlying zones. Consequently, these beds 
are here termed the Whitfieldella marylandica zone, even though that 
species is common in the next lower beds, and occurs sporadically at 
higher levels. As here defined, the zone is restricted to the upper half 
of the Whitfieldella marylandica zone described by the writer in sec- 
tions near Lewistown, Pennsylvania,?* where it was considered to in- 
clude the Schuchertella elegans zone. 

Except for Whitfieldella marylandica itself, brachiopods are rare 
in this zone, and trilobites have not been observed. Ostracodes are 
common, and include Kloedenia ventralis, Beyrichia veronica, Kloede- 
nella n. sp. aff. K. intermedia,* Dizygopleura conjugata, and, rarely, 
D. reticulata. 

The faunal changes at the top of the Schuchertella elegans zone are 
very marked, even though they do not seem to occur abruptly at a 


23F, M. Swartz: op. cit., p. 121-123. 

% This species is listed in Figures 3 and 4 under the name Kloedenella immatura. It is closely 
related to K. intermedia [F. M. Swartz: Dimorphism and orientation in ostracodes of the family 
Kloedenellidae from the Silurian of Pennsylvania, Jour. Pal., vol. 7 (Sept., 1933) p. 253-255]. It 
has the peculiar posterior flange of K. intermedia and K. cornuta and its varieties. The anterior 
sulcus and antero-median lobe are much weaker than in K. cornuta, and weaker even than in 
K. intermedia. The hinge-tooth is scarcely developed, whereas it is strong in K. intermedia, and 
the post-dorsal angle is obtuse instead of protuberant. The surface is very finely punctate or 
reticulate. 
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definite bedding plane. As is shown in Figures 3 and 4, most of the 
Rochester species of the underlying zones disappear below the base 
of the Whitfieldella marylandica zone, although Dalmanella elegantula, 
Trematospira camura, and Tentaculites niagarensis range into overly- 
ing beds. The ostracode changes are particularly important and are 
more complete than at any other horizon under discussion. At the 
same time, the ostracodes normal to the Schuchertella elegans zone 
become rare in the topmost beds of that zone, and the species listed 
in the charts as Kloedenella immatura is introduced. 

The faunal changes at the top of the Schuchertella elegans zone 
involve changes in the general character of the faunal assemblages, 
and not simply the disappearance of old and introduction of new 
species. Thus, trilobites have not been found in either the Whitfieldella 
marylandica beds or the next overlying 200 feet of strata. They are 
known in higher parts of the McKenzie at only two localities in Mary- 
land. Brachiopods are considerably reduced in diversity, in spite of 
the individual abundance of Whitfieldella marylandica, and no new 
species is introduced. The changes in the brachiopod and trilobite 
faunules presumably reflect marked changes in ecologic conditions, 
and can not be wholly accredited to a break in deposition. On the 
other hand, some lapse of time is suggested by the important changes 
in the ostracodes. 

BARREN ZONE 

An important lithologic change, accompanied by the virtual dis- 
appearance of fossils in most of the beds, occurs near the top of the 
Whitfieldella marylandica zone. Limestones become predominant, as 
compared to the interbedded calcareous shale, and are medium-bedded, 
dense, and dark gray to black in color. They contain a good many 
lenses of intraformational flat limestone pebble conglomerate. The 
lower boundary of the McKenzie formation was previously placed 
near the base of these dense barren limestones in the Lakemont section, 
and at about the same horizon at many localities in western Maryland. 
At both Lakemont and Rose Hill, however, Whitfieldella marylandica 
and Kloedenia ventralis occur in thin beds or lenses several feet above 
the lowest limestones of this type. It seems clear to the writer that 
the general disappearance of the Whitfieldella marylandica fauna in 
the lower part of these dense limestones is due to continued ecologic 
changes, and not to an unconformity. This view is further strength- 
ened by the fact that when representative ostracode faunules are again 
introduced fifteen to twenty feet higher, the species Kloedenia ventralis, 
Kloedenella n. sp. aff. K. intermedia, and Dizygopleura reticulata again 
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occur, while the associated Beyrichia moodeyi appears to be a closely 
related derivative of B. veronica of the Whitfieldella marylandica zone. 


REEF-LIKE BED AT LAKEMONT 


The fossiliferous, oolitic, reef-like bed, intercalated in the above 
described barren beds, 23 to 28 feet above the top of the Drepanellina 
clarki zone at Lakemont, is not represented at either Rose Hill or 
Lewistown. It contains a good many one- to three-inch coralla of 
Favosites cf. F. niagarensis. Other corals were not observed by the 
writer. Reticularia bicostata is abundant in lenses, but other brachio- 
pods were not found. Species of the genera Hormotoma and Leperditia 
are present, but are of questionable significance. Apart from the 
Leperditia, the only two ostracode specimens obtained appear to be 
identical with Dizygopleura conjugata of the Whitfieldella marylandica 
zone. This bed may represent a tongue from coralline beds buried 
below the younger sediments farther west in Pennsylvania. It provides 
little evidence concerning the relations of the Rochester and McKenzie 
deposits; certainly it shows little about the changes in ostracode 
faunules, particularly in view of the fact that Kloedenia ventralis and 
other species pass from beds below to beds above it. 


BEYRICHIA MOODEYI ZONE 


The generally unfossiliferous dense limestones, here included in the 
Barren zone, give place above to limestones which are lithologically 
similar, but which contain thin beds having a profusion of ostracode 
carapaces, presumably concentrated by local currents. The ostracode 
Beyrichia moodeyi** is particularly characteristic of the lower part 
of these beds. Kloedenella intermedia and Dizygopleura cf. D. swartzt 
are also abundant. Of especial interest is the recurrence of the Whit- 
fieldella marylandica zone species Kloedenia ventralis, Kloedenella n. 
sp. aff. K. intermedia, and Dizygopleura reticulata. 


5 The writer has obtained excellently preserved specimens of Beyrichia moodeyi [E. O. Ulrich 
and R. S. Bassler: Ostracoda, Md. Geol. Surv., Silurian (1923) p. 655, 656, pl. 63, fig. 27.] which 
exhibit important features not hitherto described. In particular, the frill is warped into a peculiar 
strongly elevated radial undulation below the lower part of the anterior lobe. This undulation 
is one of the most satisfactory means of distinguishing the more coarsely reticulate specimens of 
B. moodeyi from B. veronica of the Whitfieldella marylandica zone. In the latter species, the frill 
lacks the undulation, and lies essentially in a plané passing through the hinge, but tilted about 10 
degrees from the free edge of the valve. The frill of B. moodeyi is relatively narrow along the 
anterior margin, and suddenly widens about one-third of the distance from the antero-dorsal angle. 
The earlier specimens are coarsely reticulate, the surface punctae reaching di ters of 0.04 to 0.05 


mm. These correspond to the types preserved at the U. S. National Museum, and approach 
B. veronica in the coarseness of the punctae. Specimens from higher horizons generally have more 
rounded, smaller punctae, about 0.02 to 0.03 mm. in diameter. The knobs at the dorsal ends of the 
anterior and posterior lobes are somewhat stronger in the latter than in the former material. 
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Among other fossils, brachiopods are fairly common, and are repre- 
sented by the Lockport species Reticularia bicostata, and the Rochester- 
Lockport Dalmanella elegantula and Trematospira camura. Trilobites 
are unknown in this zone, and corals are exceedingly rare. Poorly 
preserved mollusca are present, and include Leiopteria cf. L. subplana 
and occasional Hormotoma sp. 

The brachiopods of the Beyrichia moodeyi zone are distinctly 
Niagaran in their affinities, and, so far as is known, no species is in- 
troduced here which does not also occur in the Schuchertella elegans 
zone. The ostracodes are entirely different from those of the Schucher- 
tella elegans zone, and include no species found in the Rochester shale 
or Lockport limestone of New York. It must be remembered, of course, 
that although ostracodes are common in the New York Rochester, none 
has been described from the Lockport, except several species of Leper- 
ditia and Isochilina. 

KLOEDENELLA NITIDA ZONE 

The limestones and shale of the Beyrichia moodeyi zone pass up- 
ward into beds in which the shale tends to be predominant. The lime- 
stones are, in part, dark gray to black, dense, and frequently barren. 
Other beds are more distinctly crystalline and fossiliferous, and are 
sometimes bluish in color. Ostracode coquinas like those of the Bey- 
richia moodeyi zone are common. On the whole, these beds are char- 
acterized by the ostracode Kloedenella nitida. Kloedenella intermedia 
and Dizygopleura cf. D. swartzi are abundant, and are derived from 
the Beyrichia moodeyi zone. Eukloedenella sulcifrons and Dizygo- 
pleura brevisulcata are more restricted in their occurrence. Non-ostra- 
codes are represented by Camarotoechia andrewsi, Hormotoma hop- 
kinsi, and Orthoceras mackenzicum. The Nigaran brachiopod species 
of the Beyrichia moodeyi zone are not seen here. 

Although there are important differences between the faunas of the 
Beyrichia moodeyi and Kloedenella nitida zones, there is no well defined 
faunal or lithologic break between them, and deposition seems to have 
been continuous. 

HIGHER FAUNAL ZONES 

At Mount Union, Pennsylvania, the Kloedenella nitida zone is over- 
lain by about 70 feet of red shale, which corresponds to the Rabble 
Run red bed member of the McKenzie near Hancock, Maryland. The 
red shale is succeeded in turn by gray shale and some interbedded 
limestone, containing Kloedenella gibberosa, Beyrichia mesleri, and 
other characteristic ostracodes. The Kloedenella gibberosa zone occurs 
at Lakemont, and is present in sections near Cumberland, Maryland, 
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from which the species was first described. A large fauna has been 
described from the Kloedenella gibberosa beds in the Cumberland 
area.”* The recorded non-ostracode species include Dalmanella elegan- 
tula, Camarotoechia andrewsi, Uncinulus obtusiplicatus, Spirifer mac- 
kenzicus, Homeospira evax var. marylandica, Trematospira camura, 
Tentaculites niagarensis, Calymene niagarensis var. restricta, and Cory- 
docephalus ptyonurus. Of these, Dalmanella elegantula, Uncinulus 
obtusiplicatus, Trematospira camura, and Tentaculites niagarensis 
occur in the Rochester shale of New York, while Homeospira evax 
var. marylandica and Calymene niagarensis var. restricta are closely 
related to Niagaran species. Corydocephalus ptyonurus occurs in the 
Cobleskill limestone in New York. Its citation from the McKenzie 
of Maryland is based on one or two pygidia. 


STRATIGRAPHIC RELATIONS OF THE DEPOSITS 
GENERAL STATEMENT 


As pointed out in the previous discussion, the Drepanellina clarki 
zone contains a large number of Rochester species, and its lithology 
is similar to that of the type Rochester shale of western New York. 
Although the boundaries evidently vary in age, the Drepanellina clarki 
beds are presumably continuous with the type Rochester, and, with 
present knowledge, should be considered a part of that formation. It 
is also clear that the bulk of the shale and limestone between the 
Drepanellina clarki zone and the Bloomsburg red beds must be referred 
to a distinct formation—namely, the McKenzie shale and limestone 
as proposed by Ulrich and Stose in 1911 and 1912. 

Two important problems remain, however. First, where is the top 
of the Rochester shale in the area under discussion? Second, what 
are the relations of the McKenzie formation to the Lockport limestone, 
which overlies the Rochester shale in western New York? These prob- 
lems will be discussed under the headings, “Upper limit of the Rochester 
shale in Maryland and Pennsylvania” and “Relations of the McKenzie 
shale and limestone.” 


UPPER LIMIT OF THE ROCHESTER SHALE IN MARYLAND AND PENNSYLVANIA 


Accepting the view that the Drepanellina clarki zone is continuous 
with the Rochester shale of New York, the determination of the bound- 
aries of the formation in the sections studied involves the following 
considerations: 


2% W.F. Prouty and C. K. Swartz: Sections of the Rose Hill and McKenzie formations, Md. Geol. 
Surv., Silurian (1923) p. 53-104; C. K. Swartz: Stratigraphic and paleontologic relations of the 
Silurian of Maryland, Md. Geol. Surv., Silurian (1923) p. 38. 
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(a) What beds were deposited contemporaneously with the type 
Rochester? 

(b) What beds contain a predominance of Rochester species, and 
are reasonably similar to the type Rochester in lithology? 

(c) Are there any breaks in deposition of sufficient magnitude to 
require use as formational boundaries? 

The actual data from which inferences concerning the above rela- 
tionships can be derived, and upon which determination of the upper 
boundary of the Rochester shale of these sections must ultimately 
rest, are as follows: 

(a) Ranges of species which also occur in the Rochester shale of 
western New York, and proportions of these species as compared to 
other members of the faunas. 

(b) Abrupt faunal changes. 

(c) Lithologic features of the beds and well defined lithologic 
changes. 

(d) Physical evidences of unconformity. 

The ranges, in the Rose Hill and Lakemont sections, of species 
occurring in the Rochester shale of New York, are shown in Figures 
3and4. Their occurrence and relative abundance in the various zones 
are also summarized in Table 2.77 


TasLe 2.—Relative numbers of Rochester species in the faunal zones of the 
Rochester and McKenzie formations of parts of Maryland and 


Pennsylvania 

Occurring in Rochester Unk in Rochest 

shale in New York shale in New York 

Ostracodes Others Ostracodes Others 
Kloedenella gibberosa zone ...... 0 4 9 8 
Kloedenella nitida zone .......... 0 1? 8 5 
Beyrichia moodeyi zone .......... 0 2 8 1 
Whitfieldella marylandica zone... 0 0? 5 2 
Schuchertella elegans zone ....... 1 “f 4 3 
Drepanellina clarki zone ......... 3 12 6 2 
Schuchertella subplana zone ...... 1? 13 0 3 


As shown in this table, species of the New York Rochester shale 
are predominant in the Schuchertella subplana and Drepanellina clarki 
zones. They comprise about half the species of the Schuchertella elegans 
zone, where they include several forms which are generally rare. They 


2 Figures for the upper McKenzie Kloedenella gibberosa zone are adapted from W. F. Prouty and 
C. K. Swartz: op. cit., p. 53-104, and C. K. Swartz: op. cit., p. 38; those for the other zones, 
including the Schuchertella subplana zone of the Keefer sandstone, are based on the writer’s studies 
of the Rose Hill, Lakemont, and Lewistown sections. 
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are subordinate in higher beds. These relationships indicate the essen- 
tial equivalence in age of the Schuchertella subplana and Drepanellina 
clarki zones with the Rochester shale of New York, and suggest that 
the top of the Rochester ought not to be placed higher than the top 
of the Schuchertella elegans zone in the sections studied. 

In passing upward from the Drepanellina clarki zone, the most 
marked faunal changes occur at the top of this zone and top of the 
Schuchertella elegans zone. Each of these horizons probably repre- 
sents a short break in deposition, and also changes in ecologic condi- 
tions. From the faunal point of view, either one would provide an 
acceptable upper boundary for the Rochester shale of the area, although 
the first is more abrupt and more easily recognized in the field than 
the second. On the other hand, there is no faunal evidence of an 
hiatus at the top of the Whitfieldella marylandica zone, in the writer’s 
opinion. 

The shale and limestones of the Schuchertella elegans zone, and, in 
part, of the Whitfieldella marylandica zone, are similar to those of the 
Drepanellina clarki beds. The dark, dense limestones, which occur in 
the upper part of the Whitfieldella marylandica zone, and which are 
still more characteristic of the barren zone and overlying beds, are 
very different in character. This important change in the limestone 
beds would provide the best lithologic boundary between the Rochester 
and McKenzie formations in the sections studied. It is not, however, 
sharply defined, and does not correspond to any immediate faunal 
change, whereas there are marked faunal boundaries at lower horizons. 
The development of arenaceous beds in the lower part of the Schucher- 
tella elegans zone at Lakemont and Lewistown is a less prominent 
lithologic feature, but corresponds to the abrupt faunal change at the 
top of the Drepanellina clarki zone. 

No satisfactory physical evidence of a break in deposition was ob- 
served by the writer in the deposits studied, although at Lakemont 
the contact between the Drepanellina clarki and the Schuchertella 
elegans zones is so sharply defined as to suggest an hiatus. 

In view of the relationships described above, the top of the Rochester 
shale might well be placed at any one of three horizons in the area 
studied; namely, the top of the Drepanellina clarki zone, the top of 
the Schuchertella elegans zone, and the base of the dark dense lime- 
stones, near the top of the Whitfieldella marylandica zone. The top 
of the Drepanellina clarki zone is provisionally used for the boundary. 
It is a well defined horizon that can be traced readily from one section 
to another, sepresents an abrupt faunal change and presumably a short 
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hiatus, and marks the top of the beds in which the Rochester species 
are strikingly predominant. At the same time, it is clear that strong 
arguments can be presented in favor of each of the other two horizons, 
the base of the dense limestones being especially favorable for mapping 
purposes. 

RELATIONS OF THE McKENZIE SHALE AND LIMESTONE 


As has been recognized by previous workers, the relations of the post- 
Rochester McKenzie formation of Maryland and Pennsylvania to the 
post-Lockport limestone of western New York, are obscured because 
characteristic Lockport faunas are absent in Maryland and adjoining 
areas, while the diagnostic McKenzie ostracodes have not been found 
in New York and the north central States. Unquestioned Lockport and 
McKenzie faunas have thus not been observed in juxtaposition, and 
their relative ages must therefore be inferred from other data. 

Ulrich and Bassler have suggested that the reason for the differences 
in character and distribution of the Lockport and McKenzie faunas 
is difference in their oceanic derivations. They have argued that the 
McKenzie waters entered from the middle North Atlantic, and affected 
little besides the Appalachian and Alleghany plateau areas; while they 
believe that the Lockport seas entered alternately from arctic and 
southern realms, and were confined to more interior parts of the 
continent.”® 

So far as they concern the McKenzie, these views are not supported 
by subsequent investigations. The McKenzie deposits are best de- 
veloped and most fossiliferous in western Maryland and adjoining 
parts of Pennsylvania and West Virginia. To the southwest they 
become sandy and then disappear by unconformity in west central 
Virginia.2® To the east and northeast, they pass progressively into 
deltaic sediments.*° Farther north, in eastern New York, all beds of 
this age disappear by unconformity, apparently due to non-deposition, 
and not to erosion. It therefore seems clear that the McKenzie waters 
invaded the Appalachian region from the west or northwest, from the 
general area of distribution of the Lockport sediments, and that de- 


28 E. O. Ulrich and R. S. Bassler: American Silurian formations, Md. Geol. Surv., Silurian (1923) 
p. 248. 

2° C. K. Swartz and F. M. Swartz: Silurian of the central Appalachians (abstract) Geol. Soc. Am., 
Bull., vol. 40 (1929) p. 250; also mss. for National Research Council, handbook on Silurian of 
North America. 

%C. K. Swartz: Stratigraphic and p tologic relati of the Silurian strata of Maryland, 
Md. Geol. Surv., Silurian (1923) p. 37; C. K. Siete and F. M. Swartz: Early Silurian formations 
of theastern Pennsyl . Geol. Soc. Am., Bull., vol. 42 (1931) p. 657, 659, fig. 2, p. 660; 
F. M. Swartz: Silurian cections near Mount Union, central Pennsylvania, Geol. Soc. Am., Bull., 
vol. 45 (1934) p. 124-126, fig. 3, opp. p. 104. 
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rivation of the McKenzie from the middle North Atlantic, even by 
a circuitous route, is highly improbable. 

Turning to data bearing upon the relative age of the McKenzie 
deposits, the chief arguments that these beds are post-Lockport in age 
have been, first, the Cayugan, and supposedly post-Lockport affinities 
of the McKenzie ostracodes; second, the supposed presence of a marked 
unconformity at the top of the Whitfieldella marylandica zone. The 
interfingering of the upper part of the McKenzie with the Bloomsburg 
red beds, which are evidently the southern continuation of the post- 
Lockport Vernon red shale of the Cayugan of western New York, also 
favors the classification of the McKenzie in the Cayugan series. On 
the other hand, Maryland workers have felt that the non-ostracode 
fossils of the McKenzie exhibit strong Niagaran affinities. 

It does not seem to the writer that the general characters of the 
McKenzie ostracode faunules are indicative of post-Lockport age. It 
is true that the Cayugan affinities of the ostracode assemblages become 
somewhat more pronounced in passing upward from the Drepanel- 
lina clarki beds into the McKenzie zones. However, only one genus, 
Drepanellina, disappears, while four genera, Eukloedenella, Kloedenta, 
Kyammodes, and Dibolbina,* are introduced. The two latter genera 
are first found in the upper McKenzie Kloedenella gibberosa zone, so 
that their introduction does not represent a sudden faunal change at 
or near the base of the McKenzie formation. Furthermore, a species 
of the pre-Rochester Rose Hill shale of Maryland has been referred 
to Kloedenia with some uncertainty. Finally, it is not established 
that these genera, and the species representing them in the McKenzie, 
did not live during Lockport time. Ostracodes of the genera Leper- 
ditia and Isochilina occur in the Lockport in New York and Ontario, 
but no Primitiidae, Zygobolbidae, Beyrichiidae, or Kloedenellidae have 
been described from Lockport deposits, so far as the writer knows. 
Since these families are abundantly represented in unquestioned pre- 
Lockport and post-Lockport sediments, it is evident that they were 
not extinct during Lockport time. There is no reason to believe 
that the species living somewhere during Lockport time were any 
less Cayugan in aspect than those found in the McKenzie beds. 

Although there are small breaks in deposition at the top of the 
Drepanellina clarki zone and apparently at the top of the Schucher- 
tella elegans zone, as has been previously pointed out, the number of 
species crossing these horizons indicates that neither one, nor both 
together, represents an hiatus of sufficient magnitude to account for 


81 An undescribed species of Dibolbina occurs in the upper McKenzie near Bedford, Pa. 
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absence of Lockport deposits by non-deposition. Certainly there is 
no evidence of such an unconformity at the top of the Whitfieldella 
marylandica zone. 

The interfingering of the upper part of the McKenzie with the basal 
part of the Bloomsburg red beds in Maryland and Pennsylvania shows 
that the upper McKenzie is equivalent in age to sediments of Cayugan 
type. At the same time, it is clearly possible that red beds were 
deposited in central and eastern Pennsylvania while parts of the 
Lockport limestone were accumulating in western New York. The 
interfingering of the upper McKenzie and basal Bloomsburg is one of 
the important facts which must be considered in applying the terms 
Cayugan and Niagaran to the Silurian rocks of Maryland and Penn- 
sylvania. Unfortunately, it provides no evidence on the actual inter- 
relations of the McKenzie and Lockport deposits. 

In view of the above considerations, and particularly the lack of 
any long continued break in deposition between the Rochester and 
McKenzie beds, it is difficult to believe that the McKenzie beds as 
a whole are post-Lockport in age. The rarity of corals, the profusion 
of beyrichiid and kloedenellid ostracodes, together with the general 
absence of trilobites and the limited diversity of brachiopods, show 
that the McKenzie faunas were controlled and modified by the con- 
ditions under which they lived, and that these conditions were 
very different from those under which the Lockport limestones were 
accumulated. 

With present knowledge, it seems most plausible to the writer that 
the McKenzie and Lockport formations are essentially contempora- 
neous deposits, formed in more or less continuous bodies of water, 
which differed, however, in important, even if not well understood, 
environmental relations. The McKenzie beds, with their high propor- 
tion of argillaceous material, and frequent limestone conglomerates 
in the lower beds, appear to have been deposited in broad shallow 
reaches, probably at times forming tidal flats, bordering the land area 
of Appalachia; while the Lockport sediments seem to have been de- 
posited in more open parts of the sea, in clearer and perhaps more 
normally saline, even if not much deeper, water. 


SUMMARY 


The results derived from this study can be summarized as follows: 

1. The Drepanellina clarki, Schuchertella elegans, Whitfieldella 
marylandica, Beyrichia moodeyi, and Kloedenella nitida zones exhibit 
essentially the same relationships at Rose Hill, Maryland, and Lake- 
mont and Lewistown, Pennsylvania. 
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2. In the sections studied, it is proposed to restrict the term Drepa- 
nellina clarki zone to the beds between the Keefer sandstone and the 
top of the range of Drepanellina clarki. <A large proportion of the 
species of this zone also occur in the Rochester shale of New York. 

3. The Schuchertella elegans zone is distinct from the Drepanellina 
clarki zone at all three localities. The faunal boundary between the 
two zones is sharply defined, even though the Schuchertella elegans 
zone contains a considerable proportion of species derived from the 
Drepanellina clarki zone. The basal limestones of the Schuchertella 
elegans zone tend to be very arenaceous, particularly at Lakemont. 

4. There are important differences between the faunas of the 
Schuchertella elegans and Whitfieldella marylandica zones, although 
the faunal change does not occur at a very sharply defined boundary, 
and Whitfieldella marylandica occurs in both zones. The change is 
particularly marked in the ostracodes. The three abundant ostracodes 
of the Schuchertella elegans zone disappear, while four new species 
are introduced. Among the non-ostracodes, most of the species of the 
Schuchertella elegans zone disappear, but no new ones are introduced, 
so far as is known. The trilobites of the underlying zones are not 
seen in the Whitfieldella marylandica zone, and brachiopods are less 
diversified. These faunal changes were evidently controlled very 
largely by environmental changes. 

There does not seem to be any marked lithologic change at the 
base of the Whitfieldella marylandica beds. The lower limestones 
and shales are much like those of the next-underlying zones. 

5. An important lithologic change occurs near the top of the Whit- 
fieldella marylandica zone. This is the appearance of dark gray to 
black, dense, unfossiliferous limestone. These limestones are more 
characteristic of the next overlying beds, which are distinguished as 
a barren zone. The limestones contain lenses of flat limestone-pebble 
conglomerate, apparently intraformational in character. The transi- 
tion in lithology does not correspond to any immediate faunal change, 
as Whitfieldella marylandica occurs with its associated ostracodes in 
thin lenses or beds several feet above the base of these limestones 
at both Rose Hill and Lakemont. 

The oolitic reef-like bed, present in the lower part of the barren zone 
at Lakemont, is absent at Rose Hill and Lewistown. It contains 
neither a representative coralline nor ostracode fauna. 

6. The typically unfossiliferous, dense limestones of the barren zone 
pass upward into beds largely similar in lithology, but which include 
fossiliferous layers characterized by Beyrichia moodeyi. The Bey- 
richia moodeyi zone contains important derivatives from underlying 
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beds. No new brachiopods are introduced, so far as is known. 
Although the Beyrichia moodeyi and Whitfieldella marylandica zones 
are separated by the barren zone, the change in ostracodes is less 
marked than that between the Whitfieldella marylandica and Schucher- 
tella elegans zones. 

7. There are important faunal differences, but no faunal or lithologic 
break, between the Beyrichia moodeyi and the overlying Kloedenella 
nitida zones. The latter zone contains few if any species of well 
defined Rochester affinities; although a considerable number of Roches- 
ter species have been reported from the still higher Kloedenella gib- 
berosa beds in Maryland. 

8. Because of the predominance of Rochester species, the Drepanel- 
lina clarki zone is referred to the Rochester shale, although it is prob- 
ably in part younger than the type Rochester. Most of the beds 
between this zone and the Bloomsburg red beds must be referred to 
the McKenzie formation. The boundary between the Rochester and 
McKenzie formations, and the relations of the post-Rochester Mc- 
Kenzie of Maryland and Pennsylvania to the post-Rochester Lockport 
of New York present special problems. 

9. The top of the Drepanellina clarki zone is provisionally con- 
sidered the top of the Rochester shale in the sections studied, since 
it is a well defined horizon which can be readily traced from locality 
to locality, is the top of the beds in which the faunas are strikingly 
predominated by Rochester species, and apparently represents a short 
hiatus. There are, however, strong arguments which favor the use of 
the top of the Schuchertella elegans zone and also the base of the 
dense dark limestones of the upper part of the Whitfieldella mary- 
landica zone and overlying beds. 

10. Although the upper boundaries of the Drepanellina clarki and 
Schuchertella elegans zones apparently represent short breaks in depo- 
sition, neither one is adequate to account for absence of the New 
York Lockport limestone because of non-deposition. Certainly there 
is no such unconformity at the top of the Whitfieldella marylandica 
zone. It accordingly seems impossible that the McKenzie beds are, 
as a whole, post-Lockport in age. In the writer’s opinion, the differ- 
ences in character and distribution of the McKenzie and Lockport 
faunas are most likely due to differences in environment rather than 
differences in age or oceanic derivation. 
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TULLY-BURKET TRANSITIONAL CONTACT 


Along the New York Central Railroad, south of Larrys 
Creek Station, Lycoming County. Hat marks contact of 
Tully limestone (right) with Burket black shale (left). 
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INTRODUCTION 


STRATIGRAPHIC LIMITS OF THE PORTAGE GROUP 


The Portage group in Pennsylvania is here defined as including all 
beds between the subjacent Hamilton and the overlying Chemung, 
recognized by the advent of Spirifer disjunctus. Where, in eastern 
portions, marine Chemung is absent, supplanted by the Catskill con- 
tinental facies, the top of the Portage is indefinite Nevertheless, 
occasionally this upper limit can be approximately fixed. The top 
of the Hamilton is often defined through the presence of a fossiliferous 


* Manuscript received by the Secretary of the Society, December 28, 1934. 

t Published with the permission of the State Geologist of Pennsylvania. 

1 Bradford Willard: “Catskill” sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 
(1933) p. 495-516. 
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zone characterized by Vitulina pustulosa.2 A sharp lithologic change 
is recognized at the same point. Along the Allegheny Front the Portage 
group is introduced by the Tully limestone, which contrasts sharply 
with the Hamilton shales. Where the Tully is absent, the Burket 
(“Genesee”) black shale usually occurs and is faunally and lithologic- 
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Ficure 1.—Distribution of the Portage group in Pennsylvania 


ally distinct. Only in the most eastern sections is it difficult, because 
of lithologic and faunal convergence, to separate the Portage and the 
Hamilton groups. 


GEOGRAPHIC DISTRIBUTION 


In interpreting well-logs across northern Pennsylvania, Fettke * re- 
ports the Portage in many localities. He separates the Genesee and 
Tully from the rest, but if their thickness be added to that of the suc- 
ceeding beds, a total average of 1900 feet is obtained, which agrees 
satisfactorily with outcrop measurements noted in succeeding pages 
(Pl. 95). Surface showings are abundant (Fig. 1). East of the Al- 


2 Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782. 
Bradford Willard: Hamilton group of central Pennsylvania, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 195-224. 
3 Charles R. Fettke: Subsurface Devonian and Silurian sections across northern Pennsylvania and 
southern New York, Geol. Soc. Am., Bull., vol. 44 (1933) p. 601-660. 


: 
— 
j a 
MARY UtAWN O to 
= 


GEOGRAPHIC DISTRIBUTION 1197 


legheny Front a band extends from Maryland northward across west- 
ern Bedford County and beyond in a long are to eastern Lycoming 
County whence the outcrop follows a zigzag course south through 
the Susquehanna Valley as far as Perry County. From here a narrow 
band extends eastward to the upper Delaware Valley to enter New 
York State near Port Jervis. Isolated patches of infolded Portage 
are found in Bedford, Huntingdon, Blair, Fulton, Schuylkill, and 
Juniata counties. 


STRATIGRAPHY OF THE PORTAGE GROUP IN PENNSYLVANIA 
PREVIOUSLY RECORDED OBSERVATIONS 


Rogers * correlated his ‘““Cadent Upper Black Slate” with the “Gene- 
see” of New York. Overlying this, the remainder of the Portage group 
seems to be included in his “Vergent Flags” which he separated from 
the overlying “Vergent Shales” (Chemung?). His divisions may ap- 
proximate the truth, but from the fact that he failed to recognize the 
Portage in such important localities as Perry County, it seems doubt- 
ful if he had a clear conception of its limits and character. The Second 
Pennsylvania Geological Survey published many descriptions of the 
“Portage,” summarized by Lesley.* Everything from the “Cornifer- 
ous” (Onondaga) through the Chemung was placed in “Formation 
VIII.” Among its subdivisions “Genesee” and “Portage” were listed. 
The wide distribution and uniformity of the former and its importance 
as a key bed were well known. The succeeding “Portage” was observed 
to pass eastward into “Oneonta” sandstone, but Lesley, like Rogers, 
entertained a hazy idea of its upper limit. He was confused in south- 
central Pennsylvania through failure to appreciate that much of the 
Portage there is nearly barren shale. Farther east, where fossiliferous 
sandstone dominates, recognition was clearer. Apparently, no member 
of the Second Survey staff actually identified the Tully, although it 
was reported. Much of the inaccuracy of the work was due to having 
no competent Devonian paleontologist. 

Since the expiration of the Second Survey, a few papers on the Port- 
age or associated strata in Pennsylvania have appeared. Williams and 
Kindle * described Devonian sections at Catawissa and on Hallowing 
Run in Columbia and Northumberland counties respectively, which 


*Henry D. Rogers: The geology of Pennsylvania, vol. 1 (1858) p. 108, 140, 552. 

5 Joseph P. Lesley: A summary description of the geology of Pennsylvania, vol. 2 (1892) 
p. 1323-1365. 

¢H. S. Williams and E. M. Kindle: Contributions to Devonian Paleontology, U. S. Geol. Surv., 
Bull. 244 (1905). 
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show that there the Second Survey’s Tully is a Hamilton coral bed, 
and that the Catskill red beds begin in late Portage time, with no 
marine Chemung present. A complete interpretation of the Devonian 
of eastern Pennsylvania was undertaken by Prosser.’ This excellent 
piece of detailed stratigraphy and paleontology was never completed, 
but is replete with valuable data on Pike and Monroe counties. The 
interpretation of the Portage of south-central Pennsylvania by Butts ® 
is important, because he has defined certain widely distributed divi- 
sions. The present writer has published a few preliminary articles on 
the Devonian of Pennsylvania, some of which touch briefly upon the 
Portage and its problems.’ The chief contributions in these are surface 
identification, for the first time, of unquestioned Tully limestone in 
Pennsylvania, recognition of Portage faunas, and presentation of evi- 
dence that the earliest Catskill east of the Susquehanna Valley is of 
pre-Chemung age. 

To date, the interpretation of the Portage group in Pennsylvania is 
incomplete. No general discussion of stratigraphy and faunas of the 
group is extant. In the following pages the group is described in a 
general and somewhat introductory manner throughout the region of 
outcrop. Such interpretations and correlations as are suggested are 
not necessarily final, nor can they be until all of the Devonian of the 
entire State has been studied. 


STRATIGRAPHIC DESCRIPTIONS 


Several divisions of the Portage group are recognized in Pennsyl- 
vania, which, although of great variety, are closely related. It is be- 
cause of this mutual affinity that so large a portion of the Devonian 
is here thrown into a single group. Such might be inapplicable in New 
York, but in Maryland the unity is even closer (vide, section on cor- 
relation). Not all of these divisions are necessarily present in any one 
section. Some have a wide geographic distribution and high strati- 


7 C.8. Prosser: The Devonian system of eastern Pennsylvania and New York, U. S. Geol. Surv., 
Bull. 120 (1894). 

8 Charles Butts: Geologic section of Blair and Huntingdon counties, central Pennsylvania, Am. 
Jour. Sci., 4th ser., vol. 46 (1918) p. 523-537. The author is indebted to Dr. Butts for permission 
to study his manuscript maps of several Pennsylvania quadrangles, the data from which have 
proved most useful. 

® Bradford Willard: The Devonian section at Selinsgrove Junction, P. l , Am. Midland 
Naturalist, vol. 13 (1932) p. 222-235; Devonian pane in Pennsylvania, Pa. Topog. ond Geol. Surv., 
Bull. G4 (1932); “Catskill” sedimentation in Pennsyl , Geol. Soc. Am., Bull., vol. 44 (1933) 
p. 495-516; Ch 9 of southwestern Pennsylvania, Pa. end. Sci., Pr., vol. 7 (1933) p. 148-159; 
A Tully limestone outcrop in Pennsylvania, Pa. Acad. Sci., Pr., vol. 8 (1934) p. 57-62; Hypothy- 
ridina venustula (Hall) in Pennsylvania, Am. Jour. Sci., 5th ser., vol. 29 (1935) p. 93-97; Devonian 
ice in Pennsylvania, Jour. Geol., vol. 43 (1935) p. 214-219. 
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graphic significance; others are more limited. The following members 
are recognized: 
Fort Littleton formation— 

Parkhead member 

Trimmers Rock member 

Losh Run member ?° 

Braillier member 

Harrell member 


Rush formation— 


Burket member 
Tully member 


It is questionable whether the term, formation, is applicable to any 
of the members; rather, they should be grouped, as here given, in two 
formations separated at the Burket-Harrell contact. The members 
of the formations are closely knit and may intergrade vertically and 
laterally (Pl. 95, and Fig. 2). Thus, the Braillier shale is the offshore 
equivalent of the Trimmers Rock sandstone. The Harrell cannot be 
sharply cut off from the Braillier, although the transition is brief, nor 
the Burket from the Tully. The Losh Run shades into both Braillier 
and Trimmers Rock members. The upper formation is named for 
Fort Littleton, a village in northeastern Fulton County. The lower, 
Rush formation, derives its name from Rush Township, Northumber- 
land County. The name, Rush, was originally used by the writer for 
the Tully limestone member where first recognized in Pennsylvania. 
It is now raised to formational rank. As we examine the Portage 
members in detail, it will appear clearer why these formations are 
distinct. 
FORT LITTLETON FORMATION 

Parkhead member.—In Maryland at the top of the Portage is found 
the Parkhead sandstone member. This consists in that State of heavy 
sandstones plus some conglomerates and interbedded shales. It carries 
a distinctive fauna that includes recurrent Hamilton species. This 
fauna is characterized by containing Rhipidomella vanuxemi Hall, 
Camarotoechia congregata var. parkheadensis Clarke and Swartz, 
Spirifer mesacostalis Hall, and Spirifer marcyi var. superstes Clarke 
and Swartz. The Parkhead member has been recognized in Fulton, 
and probably also Bedford, County by its lithology and fauna. Ap- 
parently, however, it loses its lithologic distinctiveness northward rather 


20 The positions of the Losh Run and Braillier as here given are those found in the Juniata 
Valley. Westward, the Braillier extends above the Losh Run as well as below. 
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rapidly, although the fauna persists for considerable distance. The 
following list represents such an occurrence near Huntingdon, north 
of which place the member has not been discovered. 


PaRKHEAD FAUNULE FROM UpperMost Portace aT HuntInGpon, HuNntTINGDON 


County 
Crinoidea, columnals Tropidoleptus carinatus (Conrad) 
Rhipidomella vanuzemi Hall Spirifer mesacostalis Hall 
Camarotoechia congregata var. park- S&S. mesastrialis Hall 
headensis Clarke and Swartz Pleurotomaria (Gyroma) capillaria 
C. eximia (Hall) Conrad 
Pugnaz pugnus var. altus Calvin Gastropod ? 


Eastward, it probably occurs in Perry County where, in the upper part 
of the Trimmers Rock sandstone, occur such elements as Rhipidomella 
vanuzemi Hall, Camarotoechia congregata var. parkheadensis Clarke 
and Swartz, Tropidoleptus carinatus (Conrad), and Spirifer mesacos- 
talis Hall. Spirifer marcyi var. superstes Clarke and Swartz was not 
found here. The member probably continues no farther east. 


Trimmers Rock member.—The next to the youngest Portage division 
recognized in central and eastern Pennsylvania is here designated the 
Trimmers Rock member. On the Delaware River above Matamoras 
and thence westward into central Pennsylvania, the Portage group is 
dominated by a thick, usually a ridge-forming sandstone. It is par- 
ticularly well developed in the region of the Susquehanna and Juniata 
valleys where it takes its name from Trimmers Rock, a prominent hill 
which it supports a mile and a half east of Newport, Perry County. 
The member consists of gray to greenish-gray, massive to flaggy sand- 
stone, rather fine in central, coarser in eastern, areas. It is usually 
a very hard ridge maker with little shale except in western portions 
where the beds go over laterally and downward into the finer Brail- 
lier member over which the Trimmers Rock laps westward and to 
which it is stratigraphically complementary. Fossils are usually 
plentiful. The following list illustrates the faunal character in central 


Pennsylvania. 


Composite TRIMMERS FAuNULE, JUNIATA VALLEY, Perry County 
(This list includes probable Parkhead faunules) 


Coral, iudet. Bryozoa, indet. 

Crinoidea, columnals Stropheodonta cf. demissa (Conrad) 
Petalotrypa cf. compressa Ulrich S. maynardi Clarke and Swartz 
Fenestella sp. Leptostrophia perplana var. nervosa 


Semicoscinium sp. (Hall) 
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Schuchertella sp. nov. Grammysta communis Hall 
Chonetes lepidiformis Clarke and G. sp. 
Swartz Nucula corbuliformis Hall 
Productella lachrymosa (Conrad) N. sp. 
Nuculites cf. oblongatus Conrad 
Rhipidomella vanuxemi Hall Palaeoneilo brevis Hall 
R. sp. Pterinea chemungensis (Conrad) 
Schizophoria striatula (Schlotheim) P. prora Hall 
Camarotoechia congregata (Conrad) Ectodesma birostratum Fall 
Liorhynchus globuliforme (Vanuxem) E. sp. 
L. ef. quadricostatum (Vanuxem) Liopteria sp. 
Tropidoleptus carinatus (Conrad) Pelecypod, indet. 
Atrypa reticularis (Linneus) Bellerophon clarki Clarke and Swartz 
Spirifer mesastrialis Hall B. nactotdes Clarke and Swartz 
S. mucronatus var. posterus Hall and Bucanopsis maeria (Conrad) 
Clarke Diaphorostoma lineatum. (Conrad) 
S. mesacostalis Hall Tentaculites descissus Clarke and 
Athyris spiriferoides (Eaton) Swartz 
Brachiopod, indet. T. spiculus Hall 


The Trimmers Rock sandstone member from its stratigraphic posi- 
tion and fauna has been called “Ithaca,” but that name is inapplicable 
for several reasons. In Perry, Juniata, Snyder, Northumberland, and 
portions of adjacent counties, these beds make up nearly the entire 
Portage group, with relatively only a trifling thickness of underlying 
shales separating them from the Hamilton. The top is capped by the 
Chemung except east of the Susquehanna, where the Catskill displaces 
it. The Losh Run shale at the base of the Trimmers Rock is prob- 
ably Sherburne in age. There is, thus, no distinct Enfield nor char- 
acteristic Sherburne as known in New York (unless the latter be the 
Harrell and the lower portion of the Braillier) present in central or 
eastern Pennsylvania. Rather, the Trimmers Rock sandstone is the 
chronologic equivalent of the Ithaca, the Enfield, and much, if not 
all, of the Sherburne. 

The sandstone is distinguished from the Chemung chiefly by lacking 
Spirifer disjunctus. But for this fossil, separation would be difficult, 
so identical is the lithology, particularly in Lycoming and adjacent 
counties east and south. The base of the Trimmers Rock sandstone 
can usually be drawn on lithologic and paleontologic evidence. The 
underlying Braillier or Losh Run shales contrast clearly with the 
heavier sandstone, although in some sections, particularly in western 
Lycoming County and parts of Huntingdon County there is consid- 
erable lateral interfingering with the Braillier, and in the Susquehanna 
Valley the Losh Run begins to assume the lithologie and faunal char- 
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acters of the Trimmers Rock into which it must entirely pass east- 
ward. East of the Susquehanna Valley the Trimmers Rock sandstone 
at first comes to rest directly upon the black Burket shale, but main- 
tains its faunal integrity, thus: 


Composite TrimMers Rock Faunute, SourH-CentTraL ScHUYLKILL CouNTY 


Aulopora sp. 

Crinoidea, columnals 

Fenestella sp. 

Bryozoa, indet. 

Lingula sp. 

Stropheodonta demissa (Conrad) 

Chonetes vicinus (Castelnau) 

C. sp. 

Rhipidomella vanuzemi Hall 

R. sp. 

Schizophoria striatula (Schlotheim) 

Camarotoechia congregata var. park- 
headensis Clarke and Swartz 

C. horsfordi ? (Hall) 

C. sp. 

Liorhynchus mesacostale Hall 

L. globuliforme (Vanuxem) 

Tropidoleptus carinatus (Conrad) 

Atrypa reticularis (Linneus) 

Cyrtina hamiltonensis Hall 

C. sp. 

Spirifer mesastrialis Hall 

S. mucronatus var. posterus Hall and 
Clarke 

S. mesacostalis Hall 

Grammysia sp. 

Sphenotus sp. 

Nucula corbuliformis Hall 

N. bellistriata (Conrad) 

N. sp. 

Nuculites oblongatus ? Conrad 


Palaeoneilo plana Hall 

P. emarginata ? (Conrad) 

P. tenuistriata ? Hall 

Leptodesma rogersi ? Hall 

L. longispinum ? Hall 

L. lichas Hall 

L. sociale Hall 

L. sp. 

Modiella pygmaea (Conrad) 

Actinodesma cf. erectum (Conrad) 

Actinopteria sp. 

Schizodus sp. 

Modiomorpha concentrica (Conrad) 

M. sp. 

Cypricardella tenuistriata (Hall) 

Paracyclas lirata (Conrad) 

P. sp. 

Pterinopecten sp. 

Pelecypoda, indet. 

Pleurotomaria (Gyroma) capillaria 
Conrad 

Platyceras sp. 

Gastropod, indet. 

Tentaculites spiculus Hall 

T. sp. nov. 

Trilobite, indet. 

Echinocaris(?) sp. nov. 

Rhinocaris columbina Clarke 

Ostracoderm fragments, indet. 

Plantae, fragments 


East of the Lehigh Valley the Burket is apparently also gone, and 
the Trimmers Rock is directly in contact with the Hamilton, from 
which it is not always separable. In one instance, however, a bit 
of faunal evidence serves to divide the two groups. On Brodhead 
Creek, three miles north of Stroudsburg, Monroe County, the exposed 
upper Hamilton carries a faunule *t which represents the top of the 
Moscow formation: 


11 Prosser reported Vitulina pustulosa Hall from this or a closely contiguous bed. 
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Tormost FAauNvLE, BropHEeaD CreEK, Monroe County 


Grammysia arcuata (Conrad) 
Cephalopod, indet. 


Crinoidea, columnals 
Atrypa reticularis (Linneus) 
Spirifer mucronatus (Conrad) Phacops cf. rana (Green) 

S. granulosus (Conrad) Dalmanites (Cryphaeus) boothi 
S. angustus Hall (Green) 


These species were collected in place along the west side of Brodhead 
Creek valley. Across the valley to the east, and by line of strike 
directly above the top of the Hamilton, which is here hidden, occurs 
the first exposure of the Portage, in a road-cut 1.5 miles south of 
Analomink, at the intersection of Highways 90 and 190.1" Here, in 
hard, light gray to brownish sandstone the following faunule was 
found in situ: 


BasaL TrrimMers Rock FauNvuLe, BropHeap CreeK, Monroe County 


Spirtfer mucronatus var. posterus Hall 
and Clarke 


Crinoidea, columnals 
Fenestella sp. 


Rhipidomella vanuxemi Hall 
Camarotoechia orbicularis (Hall) 
C. eximia (Hall) 

Liorhynchus mesacostale (Hall) 
Hypothyridina venustula (Hall) 


S. sp. 

Echinocoelia ambocoeloides Cooper 
and Williams 

Pleurotomaria (Gyroma) capillaria 
Conrad 


Tropidoleptus carinatus (Conrad) 


The exceptional feature is the presence of Hypothyridina. The occur- 
rence of this diagnostic Tully fossil in a faunule otherwise assignable 
to the Ithaca serves to date the beds and establish in this locality 
the contact of the Hamilton and the Portage. Further discussion will 
be found under the description of the Tully. 

East of Brodhead Creek the Portage-Hamilton separation is obscure. 
This is illustrated by the following faunal lists: 


Composite Lower TrimMers Rock FauNvute, DeLAware VALLEY IN THE VICINITY 
Mut Rirt, Prke County (Mopir1ep rroM PROSSER) 


Leda diversa Hall 
Actinopteria boydi (Conrad) 
Paracyclas lirata (Conrad) 
Pelecypod, indet. 

Gastropod, indet. 
Homalonotus dekayi (Green) 
Psilophyton princeps Dawson 


Crania (?) sp. 

Tiorhynchus cf. mesacostale Hall 
Spirifer mesastrialis Hall 
Orthonota carinata Conrad 
Grammysia subarcuata Hall 
Palaeoneilo plana Hall 

P. emarginata (Conrad) 


12 The writer formerly discussed this locality as well as that of the Hamilton, but had not at 
the time made the discovery of the Tully elements. 
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Composrre Lower To Mippte HamMivTon FauNvuLE, SANDSTONE BLUFFS AT 
Martamoras, PENNSYLVANIA, AND Port Jervis, New York 


Ceratopora jacksoni Grabau C. horsfordi (Hall) 

Crinoidea, columnals Tropidoleptus carinatus (Conrad) 
Bryozoa, indet. Spirifer mucronatus (Conrad) 
Roemerella grandis (Vanuxem) S. granulosus (Conrad) 
Lingulella planiformis (Hall) S. audaculus (Conrad) 
Orbiculoidea sp. S. angustus Hall 
Leptostrophia perplana (Conrad) Athyris ef. cora Hall 
Stropheodonta sp. Aviculopecten faciculatus Hall 
Chonetes vicinus (Castelnau) Paracyclas lirata (Conrad) 
Rhipidomella vanuzxemi Hall Pelecypod, indet. 
Camarotoechia prolofica Hall Plantae, fragments 


Uprer Cut on Hicuway 692, Four Mites West-NortH WEST 
or Mirrorp, Pike County 


Chonetes lepidus? Hall Liopteria conradi Hall 
Camarotoechia horsfordi (Hall) L. sp. 

Schizophoria striatula (Schlotheim) Nyassa arguta? Hall 

Spirifer mucronatus (Conrad) Actinopteria subdecussata Hall 

S. mesastrialis? (Hall) A. boydi (Conrad) 

Phthonia? A. epsilon? Hall 

Grammysia bisulcata? (Conrad) Cypricardella bellistriata (Conrad) 


Palaeoneilo emarginata (Conrad) 


The first list is assignable to the Ithaca. The second is unquestionably 
Hamilton. The beds from which it came are not far above the Mar- 
cellus. The third list is called upper Hamilton, but it is at once per- 
ceived to possess elements that ally it with the Portage (Palaeoneilo 
emarginata, Actinopteria boydi, for example). A striking feature is 
the list of pelecypods, so much longer than that from the true Ham- 
ilton faunule. This class is abundant in the easterly Portage. 

The Trimmers Rock sandstone attains a maximum thickness of 
about 3,000 feet in eastern Lycoming County (PI. 95) and maintains 
its prominence south and east thereof, but thins westward as it laps 
over its off-shore complement, finally to disappear from most sections. 
East of the Susquehanna the only marine Chemung known is a small 
patch in western Luzerne County, so that from Perry County east- 
ward the upper limits of the Trimmers Rock sandstone cannot be 
precisely drawn. Chadwick ** proposed names for theoretically separ- 
able divisions of the Catskill continental facies, synchronous with 
the members or formations of the marine Middle and Upper Devon- 
ian. It is a convenient means of reference to the red beds, and the 


13 From approximately this zone Prosser reports also Paracyclas lirata. 
14 George H. Chadwick: Hamilton red beds in eastern New York, Science, vol. 77 (1933) p. 86-87. 
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author has so far subscribed to it, but he feels that this practice adds 
to the literature names of no practical application at present in Penn- 
sylvania. No doubt east of the Susquehanna Valley we have, succes- 
sively, equivalents of the Chemung and part of the Portage represented 
in the Catskill, but the transition is so gradual and takes place over 
so great a distance that such separations are now out of the question. 

Nevertheless, in the most eastern sections there are significant Cats- 
kill subdivisions based upon lithologic differences. In Pike County 
along the Delaware above Matamoras overlying the attenuated marine 
Trimmers Rock sandstone the continental beds are divisible. From 
here, and thinning westward toward the Lehigh Valley, the lower 
Catskill contains a varying proportion of greenish flagstones plus 
some red. White *?® named three divisions: (1) Delaware River flags 
(non-red), (2) New Milford red shale, and (3) Starrucca sandstone 
(non-red). Prosser has reported, on Brodhead Creek,’* stray ends of 
Portage faunas in the upper part of the Trimmers Rock (“Starrucca’”) 
and in the Delaware River flags. The writer has been able to verify 
the former occurrence, but not the latter. However, he accepts Pros- 
ser’s interpretation from observations of the local field evidence as 
he has seen it, and because he has already shown *? that the Delaware 
River flags, traced north into Susquehanna County, pass beneath the 
lowest Chemung and are probably the correlate of the Oneonta of 
New York. If this age identification be correct, that portion of the 
Catskill in eastern Pennsylvania, from Carbon County to eastern Pike 
County, between the highest truly salt-water Portage and the top of 
the Delaware River flags, is not younger than late Portage. The rela- 
tive thicknesses of marine and nonmarine beds through these sections 
substantiates this contention (Pl. 95) for the nonmarine off-lap rises 
westward as the marine Portage beds increase in thickness pari passu. 

Because of the foregoing evidence, White’s names become inappli- 
cable to the Monroe County succession, which he mistakenly corre- 
lated with the sequence of Upper Devonian divisions which he had 
previously named in Susquehanna and Wayne counties to the north.1* 
Actually, the Delaware River flags (of late Portage age) are older 
than the New Milford red shale, which, at its type locality, belongs 


151, C. White: The geology of Pike and Monroe counties, Pa. Second Geol. Surv., vol. G6 (1882) 
p. 94. 

16 C, S. Prosser: The Devonian system of eastern Pennsylvania and New York, U. S. Geol. Surv., 
Bull. 120 (1894) p. 12-13, 76-77. 

17 Bradford Willard: ‘Catskill’ sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 
(1933) p. 495-516, particularly p. 506 and footnote 6. 

181, C. White: The geology of Susquehanna County and Wayne County, Pa. Second Geol. Surv., 
vol. G5 (1881) p. 59-80. 
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to the upper Chemung. Therefore, it becomes necessary partly to 
rename these Monroe County subdivisions. The name, Delaware River 
flags, stands. Starrucca sandstone drops out, as it is applicable only to 
considerably higher beds to the north, whose equivalent has not been 
here demonstrated. The strata which White called Starrucca in Mon- 
roe County are simply the upper portion of the Trimmers Rock member. 
To the red portion of the section is here given the name, Analomink 
red shale, after the village in Monroe County, where it is well exposed 
and is at least 100 feet thick. 


Losh Run member.—At the base of the Trimmers Rock sandstone 
in the Susquehanna Valley, from Lycoming County east into Luzerne, 
south into Perry, and thence westward into Huntingdon, and perhaps 
Fulton, County, a shale, here named the Losh Run member, appears.’® 
It takes its name from a stream in Perry County, which enters the 
Juniata from the west, about five miles north of Duncannon. Occa- 
sionally finely arenaceous, it is predominantly dark gray to brown 
shale which weathers to rusty-brown, irregular chunks. Under the 
hammer it breaks unevenly at angles to the bedding, so that fossils 
are collected with difficulty. The shale maintains a nearly uniform 
thickness of about ten feet in most exposures. It is distinct faunally 
as well as lithologically. Locally it may contain an abundance of 
crinoidal fragments, but its distinctive and often only fossils are 
Cladochonus humilis Clarke and Swartz (or a nearly related species) 
and Elytha (Reticularia) laevis (Hall). Throughout the isolated 
region where it occurs, this member is an excellent key bed. It is 
regrettable that it does not more often extend westward into the 
Braillier of the Allegheny Front, but at least one known instance 
occurs near Shade Valley, southeastern Huntingdon County (PI. 95). 
Here the Losh Run faunule is found interbedded not far above the 
base of the Braillier. Evidently synchronous with eastern sections, 
it establishes the contemporaneousness of the lower Braillier in south- 
central Pennsylvania with the base of the Trimmers Rock in the Sus- 
quehanna Valley. The importance of this is realized when one pictures 
the off-lap of the Trimmers Rock westward upon the Braillier. East 
of the Susquehanna, the Losh Run grows arenaceous and is invaded 
by Ithaca forms as it merges with the basal Trimmers Rock. The 
following faunal list illustrates this change: 


7° Arthur B. Cleaves in his doctor’s dissertation used Losh Run somewhat differently, but is now 
in agreement with the writer as to present application and limits of this term. 
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Run SHate Faunvute, Fiepters Run, NorrHUMBERLAND CouNTY 
Cladochonus humilis Clarke and Swartz C. lepidus Hall 


Crinoidea, columnals Rhipidomella vanuzemi Hall 

Leptostrophia perplana var. alternata Elytha (Reticularia) laevis (Hall) 
Clarke and Swartz Echinocoelia ambocoeloides Cooper and 

Douvillina sp. Williams | 

Chonetes scitulus Hall Cephalopod, indet. 


Braillier member—The Second Pennsylvania Survey noted lithologic 
variations in the strata between their “Genesee” and the Chemung. 
Curiously, they went no further. Not until Butts *° applied to the 
Portage shales above the “Genesee” the term, Nunda, for which he 
later substituted Braillier,2* did systematic subdividing of Pennsyl- 
vania’s Portage begin. Originally described by Butts near Altoona, 
the Braillier extends along the Allegheny Front, where it is some 800 
feet thick, and thins eastward into the Susquehanna Valley, roughly 
its eastern boundary. Usually it is a very fine shale which breaks 
into thin slabs along extremely smooth bedding surfaces, but sand- 
stones are far from rare and may occur as many thin beds alternating 
with the shale. The color is green, gray-green, or gray. Finely com- 
minuted fragments of vegetation, which appear as black or brownish 
shreds, seldom more than half an inch long, scattered over the smooth 
bedding surfaces, abound locally. Besides these, “annelid” trails are 
common, including Pteridichnites biseriatus Clarke and Swartz. This 
is a good guide fossil to the otherwise practically barren Braillier, 
especially the lower portion where common. It is not known from the 
higher Braillier nor the Trimmers Rock and is rare in the Harrell shale. 
The barrenness of the Braillier shale hinders correlation. Occasionally, 
a stray Ithaca fossil is found, but they, like equally scattered Naples 
types, are too few to be significant. 

The shale is unknown east of the Susquehanna Valley, but is well 
exposed in many sections in central Pennsylvania, as along the Sus- 
quehanna River below Larrys Creek in Lycoming County, and east of 
Hewlett in southern Bedford County. An exposure of the thin, eastern 
portion is known in Perry County along Highway 17 between Millers- 
town and Liverpool. 


Harrell member—Underlying the Braillier is the Harrell shale of 
Butts.??_ It it thinner and is faunally and lithologically distinct from 


2 Charles Butts: Description of the Ebensburg quadrangle, Pennsylvania, U. S. Geol. Surv., 
folio 133 (1905) p. 2. 

2 Charles Butts: Geologic section in Blair and Huntingdon counties, central Pennsylvania, Am. 
Jour. Sci., 4th ser., vol. 46 (1918) p. 531. 

2 Op. cit., p. 532. Butts included the Burket as the basal part of the Harrell. 
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the Braillier, being fine, dark gray (“dove”) to nearly black, some- 
what platy shale which weathers brownish or buff. The Harrell is 
fossiliferous with tiny pelecypods, pteropods, and coiled cephalopods. 
The Naples affinities are demonstrated by the following faunule: 


Harrett Faunvute, Huntinapon County 


Paracardium doris Hall 
Styliolina fissurella (Hall) 
Coleolus sp. 

Hyolithes sp. 

Bactrites gracilior Clarke 
Manticoceras patersoni (Hall) 


Pteridichnites bisertatus Clarke and 
Swartz 

Lunulicardium encrinitum Clarke 

Pterochaenia sinuosa Clarke 

P. cashaquae Clarke 

P. fragilis (Hall) 


P. fragilis var. nov. ? M. sp. 
Posidonia mesacostalis (Williams) Probeloceras lutheri (Clarke) 
Ontaria sp. Cyrioclymensia neapolitana (Clarke 


Buchiola retrostriata (von Buch) Plantae, fragments 

The Harrell shale has a wide distribution, practically identical to 
that of the basal Braillier, from the Allegheny Front to the Susque- 
hanna Valley. In view of its uniform thickness, 40 to 60 feet, this 
is rather remarkable and suggests that, like the underlying Burket, 
it represents widespread, uniform conditions of deposition rather than 
the progressive change typifying the rest of the Fort Littleton forma- 
tion. Its fauna, too, is widespread. Compare, for example, the fore- 
going list with a meager but diagnostic faunule from the eastern limit 
of the member, 69 miles away: 


Harrett FAuNvLE, Fiepters Run, NorTHUMBERLAND CouNnTY 


Ceratopora sp. Paracardium doris Hall 


Crinoidea, columnals 
Pterochaenia fragilis (Hall) 
Buchiola retrostriata (von Buch) 


Pleurotomaria ? 
Styliolina fissurella (Hall) 
Probeloceras lutheri Clarke 


The Harrell member intergrades with the overlying Braillier, but the 
transition is of limited thickness. The lithologic change and disap- 
pearance of fossils coincide exactly upward. Below, the Harrell con- 
trasts strikingly with the Burket. An excellent exposure of these 
relations is in southeastern Lycoming County, along the New York 
Central Railroad where the line follows the east bank of the Susque- 
hanna River (West Branch) below Larrys Creek Station. In their 
most eastern exposures along the Juniata River in southern Perry 
County the Harrell and Braillier blend closely, are sandy, and doubt- 
less pass into the Trimmers Rock in concealed, more eastern localities. 


7 
de 
_ 


RUSH FORMATION 1209 


RUSH FORMATION 


Burket member.—In view of the fact that Genesee has been made 
a group term ** and because of the stratigraphic succession as known 
now for Pennsylvania, this name is dropped. Rather than hazard a 
long range correlation and use Geneseo, the name Burket, as proposed 
by Butts, is accepted for the thin, black, fissile shale below the Harrell. 
Butts used Burket as the basal part of the Harrell. Its distinctive 
character recommends its designation as a member. Judging from 
early faunal lists, the Harrell has been unwittingly grouped with the 
Burket under the heading “Genesee.” The “Genesee” fossils listed in 
Maryland indicate that a restricted use is in vogue there. In other 
words, the Maryland “Genesee” equals the Pennsylvania Harrell as used 
in this report—that is, to the exclusion of the Burket, which is probably 
absent in Maryland. The true Burket is nearly barren, but Styliolina 
and Buchiola or related forms are found. It is the easternmost rep- 
resentative of the Rush formation, but is otherwise of nearly equal 
distribution to the Harrell. Curiously, though present at Everett, 
Bedford County, sections fifteen miles south at Chaneysville expose 
the Harrell in contact with the Hamilton, implying a disconformity. 
This condition agrees with the apparent absence in Maryland of the 
Burket. Like the Harrell, it is thin, seldom exceeding 40 feet, usually 
half that amount; but an exceptional thickness of 110 feet may be 
seen in Perry County along the east bank of the Juniata River, three 
miles north of its confluence with the Susquehanna. The Burket- 
Hamilton contact is always sharp and nontransitional where the Tully 
is absent. An abrupt faunal change accompanies the stratigraphic 
break as the abundant and varied upper Hamilton fossils are followed 
by meagre Burket forms. The Burket is divided from the overlying 
Harrell shale by a sharp lithologic change (practically a break) accom- 
panied by the appearance of a plentiful Naples fauna. Where the 
Tully limestone underlies the Burket a transitional zone is clearly 
marked. This is well demonstrated in southwestern Lycoming County, 
illustrated in Plate 94. 


Tully member.—Recently, the author announced that he had dis- 
covered in Northumberland County the first fully authenticated expo- 
sure of Tully limestone in Pennsylvania.** A description of its fauna 


23 George H. Chadwick: Large fault in western New York (abstract), Geol. Soc. Am., Bull., 
vol. 31 (1920) p. 117-120. 

% Bradford Willard: A Tully limestone outcrop in Pennsylvania, Pa. Acad. Sci., Pr., vol. 8 (1934) 
p. 57-62. 
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has also been published.?*> Since these announcements were made he 
has studied the region immediately east and southeast of the Allegheny 
Front and has there found abundant evidence of Tully limestone. The 
member maintains its lithology in most sections. Faunal data supple- 
ment the lithology in identifying it. It is usually hard, gray limestone 
with a conchoidal fracture, weathers gray to buff and often produces 
spherical, hour-glass or plow-share shaped nodules which sometimes 
strew the surface. The individual limestone strata may be separated 
by dark shale. Where the formation is thickest it consists of regularly 
formed, two-inch beds separated by tenuous, dark shale partings. Small 
pyrite nodules are common, and the limestone when struck with the 
hammer usually has a fetid odor. The maximum thickness is in 
Lycoming and Clinton counties. In southwestern Lycoming along 
the New York Central Railroad south of Larrys Creek Station not 
less than 240 feet are exposed in a faulted anticline. Here the base 
was not seen. Along the river at the second highway bridge east of 
Jersey Shore, the formation again shows a surprising thickness al- 
though partly concealed. At Lockport, across the river from Lock 
Haven, at least 185 feet are exposed, and again the base is hidden.”® 
East of Larrys Creek the formation thins to 20 feet in eastern Lycoming 
County and 10 feet in Northumberland. South of Lock Haven, through 
Centre and Blair and into Bedford County, there is further, progressive 
reduction in thickness. At Curtin, Centre County, only 40 feet are 
left. Butts observed about a foot of limestone with Chonetes aurora 
(Hall) at the stratigraphic position of the Tully near Altoona.?’ This 
is undoubtedly the Tully, since the writer has identified it beyond, 
in southwestern Blair County and thence into central Bedford County 
where it pinches out. As an example of this, along the Huntingdon 
and Broadtop Railroad north of Tatesville, Bedford County, the Tully 
is reduced to a few inches of fossiliferous limestone. Four miles to the 
south, south of Everett, the Burket black shale rests upon the Hamilton 
with no Tully between. The limestone is unknown in Juniata, Snyder, 
southern Northumberland, and Perry counties and thence eastward, 
but a remarkable occurrence of the fauna has just been discovered 
in Monroe County. 


% Bradford Willard: Hypothyridina venustula (Hall) in Pennsylvania, Am. Jour. Sci., 5th ser., 
vol. 29 (1935) p. 93-97. 

It is interesting to compare these exceptional thicknesses with those reported for the Tully 
by Fettke (ibid.) in wells in northern Pennsylvania. His maximum of some 150 feet is perfectly 
credible in the light of present findings in central Pennsylvania. 

2 Charles Butts: Geologic section in Blair and Huntingdon counties, central Pennsylvania, Am. 
Jour. Sci., 4th ser., vol. 46 (1918) p. 524-525. 
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The Tully fauna, although not yet fully studied, is varied and dis- 
tinctive. In references cited the author has listed the fossils found in 
Northumberland County. The most diagnostic of these is Hypothy- 
ridina venustula (Hall) which is there very rare and never abundant 
anywhere in Pennsylvania. Lopholasma carinatum Simpson and 
Echinocoelia ambocoeloides Cooper and Williams are much commoner. 
These forms occur too in the region included in Bedford, Blair, and 
Centre counties, where Chonetes aurora (Hall) is also occasionally 
seen in the more southern sections. Neither the Chonetes nor the 
Hypothyridina was discovered where the formation is thickest in Clin- 
ton and Lycoming counties. Despite this, the Echinocoelia and the 
coral are found in nearly all sections. They are supplemented by 
other fossils, some of which are new species. Atrypa reticularis (Lin- 
neus) occurs in a prominent zone about five feet from the top in some 
sections along the Allegheny Front, and Phacops and other trilobites 
may be very numerous locally. On the whole, although lithologic and 
faunal expressions vary, there is no difficulty in recognizing the Tully 
throughout the region of its outcrop. 

It is strange that the limestone was never before recognized along 
the “Front.” When the Second Survey mapped Centre and Clinton 
counties, the Helderberg limestones were known from many showings 
particularly along the southeast side of Bald Eagle Creek valley, where 
they had been quarried and burned for years. The Tully along the 
northwest side of this, and in the north side of the Susquehanna Valley 
east into Lycoming County, too, had been burned, but to a less extent. 
The two were confused and mapped as Helderberg, with the assumption 
that that group entirely underlay the valley. As a matter of fact, 
probably not less than 1200 feet of strata assignable to the Oriskany 
and Onondaga formations and the Hamilton group intervene but are 
largely concealed.”® 

The relation of the Tully to underlying Hamilton beds is as truly 
a disconformity as the Burket-Hamilton contact. There is no reason 
to suspect any transition, even where the Tully contains considerable 
shale. The break from dark, clayey, fossiliferous shale to limestone 
or limy shale with characteristic, or at least different, fossils is sharp. 
Above, the Tully grades into the Burket (Pl. 94). The upper five or 
six feet are often shaly, and in the thickest sections are the most fos- 
siliferous part of the member. It is noteworthy that where the lime- 
stone disappears through thinning eastward, the Burket persists. This 


% Bradford Willard: Hamilton group along the Allegheny front, Pennsylvania (abstract), Geol. 
Soc. Am., Pr., 1934 (1935) p. 361. 
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and their intergradation are taken to imply chronologic equivalence. 
That they are as true complementary facies as are the Braillier and 
Trimmers Rock is evident. This relation of these two members and 
the lack of intergradation of the Burket with the Harrell have in- 
fluenced the decision for their grouping in a single formation separated 
above from the Fort Littleton by a more abrupt change than any 
intraformational one in the Rush formation.” 

Before leaving the Tully, mention must be made again of the re- 
markable and isolated occurrence of its fossils on Brodhead Creek, 
Monroe County. This was alluded to in describing the Portage-Hamil- 
ton contact there, and a faunal list quoted for the basal Trimmers 
Rock. In this Ithaca-like faunule are Hypothyridina and the Echi- 
nocoelia so common throughout our Tully. 

The nearest known Tully showing in Pennsylvania is in Northum- 
berland County, 75 miles west. There, the Tully is limestone; in 
Monroe County Hypothyridina occurs in hard, noncalcareous sand- 
stone. Nowhere in intervening exposures has a single specimen been 
found. Those from Brodhead Creek are the only examples from east- 
ern Pennsylvania. Referring to the discoveries by Cooper * in eastern 
New York, one sees in Monroe County the near counterpart of his 
Laurens member. In both places, Hypothyridina, Liorhynchus mesa- 
costale, and Echinocoelia are associated with Ithaca fossils. The writer 
in the spring of 1934 visited the type Laurens locality with Cooper, 
collected material, and has no hesitancy in announcing this relation- 
ship. Probably the Monroe County representatives migrated from the 
north, and their occurrence may: be the southernmost limit of the 
Laurens member. 

ORIGIN AND GEOLOGIC HISTORY 

The Portage group in Pennsylvania represents the earlier portion 
of the regressive marine phase of a sedimentary cycle. The Hamilton 
group constitutes at least the later portion of the preceding progressive 
phase of the same cycle. The marine Chemung and the continental 
Catskill record the closing events of the cycle. In other words, the 
Hamilton group represents marine on-lap; the earlier Portage (Rush 
formation) approximates stillstand during maximum inundation; the 
later marine Portage (Fort Littleton formation) and the marine Che- 
mung record marine off-lap; and the Catskill continental beds are the 
final, subaerial facies. A few retrospective observations will explain 
these points. 


The author has now in, press with the Pennsylvania Academy of Science a fuller discussion 
of the Tully-Hamilton relations. 

% G. Arthur Cooper: Stratigraphy of the Hamilton group of eastern New York, Am. Jour. Sci., 
5th ser., vol. 27 (1934) p. 1-12. 
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In eastern Pennsylvania the Portage (Trimmers Rock) sandstone 
and sandy eastern facies of the Hamilton group converge stratigraph- 
ically and faunally. It is conceivable that they approach or attain 
transitional relations. Such conditions parallel those already observed 
by Cooper * in eastern New York, where Laurens (Tully), Portage 
(“modified Ithaca”), and Hamilton elements mix. It has been pre- 
viously stated *? that in the Green Pond Mountain region of northern 
New Jersey, the Catskill red beds “cut down” into the lower Hamilton. 
Since the marine Hamilton represents on-lap, this transition of the 
marine into the continental facies occurs in the earlier half of the 
cycle. But this appearance of a Hamilton-aged Catskill facies need 
not alter the interpretation as to convergence. These oldest red beds 
represent the earliest record of Devonian continental conditions and 
likewise may imply the beginning of uplift of the adjacent, eastern 
landmass. This uplift, seemingly accelerated at the start of Portage 
time, was of sufficient magnitude to be thought of as the direct cause of 
the more rapid, later Portage-Chemung-Catskill off-lap across Pennsy]- 
vania. To such tectonic activities then may be attributed the reversal 
of the marine cycle at the commencement of Portage time in this 
region. The later outbuilding of the shore line in Pennsylvania has 
recently been described by the writer.** 

It is conceivable that in the subsequently eroded area between Green 
Pond Mountain, New Jersey, and Pike County, Pennsylvania, Portage- 
Hamilton merging took place. In that region, which must have in- 
cluded the oldest Catskill-Portage transition beds, a reversal of the 
sedimentary cycle from positive, eastward on-lap to negative, west- 
ward off-lap may have been recorded. The faunal data from Pike 
and Monroe counties indicate that the locus of this transition extended 
into eastern Pennsylvania. On Brodhead Creek in Monroe County 
the Trimmers Rock sandstone, with an Ithaca faunule, was invaded 
by Tully elements at its base. These beds immediately overlie the 
highest Hamilton strata. So far the two groups are distinct. East 
of Brodhead Creek, however, Hypothyridina is lost and a convergence 
or mixing of Portage and Hamilton elements exists (see the faunal 
lists). Thus, the Trimmers Rock in the upper Delaware Valley 
above Port Jervis carries Spirifer mesastrialis, Palaeoneilo emarginata, 


31 Tbid., p. 5-9. 
*2 Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-783, particularly p. 761. 
Bradford Willard: ‘Catskill’ sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 
(1933) p. 495-516, particularly p. 506-507 and figure 2. 
%3 Bradford Willard: Early Chemung shore line in Pennsylvania, Geol. Soc. Am., Bull., vol. 45 
(1934) p. 897-908. 
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Actinopteria boydi, and Paracyclas lirata. The first three are absent 
from the Hamilton sandstone of the river bluffs at Port Jervis and 
Matamoras, beds not far above the top of the locally thick Marcellus. 
But, in strata intermediate between these and the Portage, and as- 
sumed to be near the upper limits of the Hamilton group, we find 
Palaeoneilo emarginata and Actinopteria boydi. Paracyclas lirata 
may occur at this zone, too, but Spirifer mesastrialis is doubtfully 
identified. Clearer evidence of the Hamilton and Portage mergence 
could scarcely be expected. West of Monroe County a wedge of marine 
shales divides the Trimmers Rock from the Hamilton. First appear 
the widespread Rush formation members, the thin Burket black shale 
in the east with its complementary facies, the Tully limestone, in the 
west, these in turn overlain by the Harrell from the Susquehanna 
Valley west. 

The Rush formation is followed by the Fort Littleton representing 
accelerated, marine off-lap. Deposition of the Burket appears to have 
been in nearly lifeless water, but the Harrell marks the influx of 
pelagic Naples forms. At least locally these members are discon- 
formably related, as in Bedford County. This and the lithologic and 
faunal changes serve to separate the Portage formations. Beginning 
throughout the Susquehanna Valley and westward, and continuing in 
the western sections to the close of Portage time, is the Braillier shale. 
This is the successor to the Harrell, whose abundant life had been 
introduced with the new conditions. The influx of Braillier mud, 
attended perhaps by severe climatic conditions,** drove out the Harrell 
pelagic elements, only an occasional straggler surviving. Still, with 
overlapping and displacement of the Braillier by its complement, the 
Trimmers Rock sandstone, life again became abundantly represented 
by neritic Ithaca forms. That life was not wholly excluded from the 
region of deposition of the Braillier mud is attested by “annelid” trails, 
rare Naples species, and the occasional occurrence in sands of Ithaca 
fossils. The Losh Run member seems to have had a local and not 
entirely understood origin, but is closely allied with the Trimmers 
Rock. 

Eventually the invasion of Spirifer disjunctus, and with it the open- 
ing of Chemung time, closed marine Portage sedimentation in central 
Pennsylvania, just as the Catskill continental beds had already done 
to the east. The Catskill, or final, stage of the cycle began in middle 
Portage time in Pike County, earliest Chemung in the Susquehanna- 


% Charles Schuchert: Winters in the Upper Devonian of New York and Acadia, Am. Jour. Sci., 
5th ser., vol. 13 (1927) p. 123-132. 
Bradford Willard: D ian ice in P. ylvania, Jour. Geol., vol. 43 (1933) p. 214-219. 
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Juniata valleys, and middle or late Chemung on the Allegheny Front.** 
The cycle closed in Catskill continental beds carrying fish fragments, 
plant remains, and, locally, coal beds as much as two inches thick in 
Lycoming County. The Trimmers Rock fauna is truly a recurrent 
Hamilton assembly, slightly altered and possessing a few new elements, 
but representing an age-long counter-march westward of the descend- 
ants of species that had previously plodded slowly eastward in Hamilton 
time. | 
CORRELATIONS 
It would be unwise as yet to assay final correlations for the divisions 
of the Portage group of Pennsylvania with adjacent areas. However, 
suggestions subject to change are allowable. 
The Maryland Geological Survey ** divides the Upper Devonian 
thus: 
JENNINGS FORMATION 
Chemung member (Spirifer disjunctus fauna) 
Parkhead sandstone member 
Woodmont shale member 
Beds containing Ithaca fauna 
Reticularia laevis zone 
Beds containing Naples fauna 
Genesee black shale member. 


The Parkhead is the highest Portage in Maryland, and it apparently 
is absent over much of Pennsylvania or has merged indistinguishably 
with the Trimmers Rock. As far as the present discussion goes, the 
Parkhead and uppermost Trimmers Rock may be treated as equiva- 
lent. If the Portage of Maryland is compared with the group in 
Pennsylvania, the succeeding and preceding formations which limit the 
group are identical; the base drawn where the black shale (“Genesee” 
in Maryland, Burket in Pennsylvania) succeeds the Hamilton; the 
top at the first appearance of the Chemung. The Woodmont shale 
member is essentially equivalent to the Fort Littleton formation. Its 
upper 400 to 800 feet carry an Ithaca fauna, and it is correlated 
with the Trimmers Rock sandstone below such Parkhead as may be 
recognized in Pennsylvania. A “Cladochonus-Reticularia laevis zone,” 
believed to represent the Losh Run shale, although it may be too high, 
divides these beds from the lower part, which is 500 to 600 feet thick. 


% Bradford Willard: “Catskill” sedimentation in Pennsylvania, Geol. Soc. Am., Bull., vol. 44 
(1933) p. 509, table, and fig. 2. 
% Middle and Upper Devonian, Md. Geol. Surv. (1913) p. 411. 
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This portion consists of shales and some sandstones with a Naples 
fauna. Lithologically and faunally they resemble the Braillier, which 
is apparently not distinguishable in Maryland. The Genesee of the 
Maryland sections, as already observed, is clearly correlated with the 
Harrell. No Burket or Tully has been reported in Maryland. 

In attempting correlation with New York, only a few suggestions 
may be ventured. As in Pennsylvania, the top of the group is drawn 
at the first appearance of Spirifer disjunctus. Compared with the data 
by Williams,’? it is probable that in the Susquehanna Valley the Fort 
Littleton formation is nearly, if not quite, the equal of the New York 
Enfield and Ithaca and most, if not all, of the Sherburne, since it extends 
vertically down from the base of the Chemung to include beds below 
a “Reticularia laevis zone.” It is this zone, the Losh Run member, 
which is perhaps the equivalent of that found in the New York Sher- 
burne. That the Genesee of Williams (Geneseo of Chadwick) is roughly 
equal to the Burket is plausible, and there seems no valid reason for 
doubting that the Tully of Pennsylvania is, notwithstanding its thick- 
ness, closely equal to that of the type region. For Braillier and Harrell 
shales it is difficult to select New York correlates. Recent reinterpre- 
tations of the Portage of western New York, not to mention more 
eastern regions, would lead one to conclude that the correlations of 
the group and its detailed resolution into components and faunas are 
not yet final. Because of the evident disagreement among recent stu- 
dents of New York Devonian stratigraphy, and their many newly- 
suggested but as yet untried correlations, credence is withheld, and 
correlations are suggested that are based upon interpretations of 
longer standing. The abundant Naples fauna in the Harrell points to 
its correlation with the higher Portage beds in western New York, and 
perhaps with the lower Enfield in the central part of the State. Such 
a correlation, is, of course, difficult to substantiate from the position 
of the Harrell below the Trimmers Rock and Losh Run members, 
although it is more readily understood if the greater vertical distribu- 
tion of the fauna in Maryland be recalled. Perhaps in the Harrell 
one has an earlier appearance of the Naples types which later migrated 
westward or northwestward and upward with Upper Devonian off-lap 
and so appear higher stratigraphically in New York than in central 
Pennsylvania. As for the Braillier, unless it can be eventually sub- 
divided, there seems no exact correlate with the New York Portage, 
although it is necessarily chronologically equal to the same divisions 


37H. 8S. Williams: Description of the Watkins Glen-Catatonk district, New York, U. 8. Geol. 
Surv., Folio 169 (1909) p. 6. 
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as is the Trimmers Rock sandstone. The Trimmers Rock is litho- 
logically most like the Ithaca. 


SUMMARY AND CONCLUSIONS 


In the foregoing pages a brief record is presented of the outstand- 
ing features of the Portage group in Pennsylvania. It is subdivided 
thus: 

PoRTAGE GROUP 
Fort Littleton Formation 
Parkhead member 
Trimmers Rock member 
Braillier member 
Losh Run member 
Harrell member 


Rush Formation 


Burket member 
Tully member 


The lithology and stratigraphic relations, geographic extent, and his- 
torical significance of each member have been described. The faunas 
have been briefly touched upon and some lists recorded, but necessarily 
treated in a cursory manner since final identifications have not been 
made nor the Devonian completely studied throughout the State. 
Finally, an attempt has been made to rationalize the entire group 
as a portion of a great cycle which involved most or all of Middle 
and Late Devonian time. Some attempt at correlation with adjacent 
regions has been made, but these suggestions are tentative, pending 
final working out of details. Were all data from beyond the bound- 
aries of Pennsylvania to be excluded from the discussion, reasoning, 
based upon lithologies and faunas, would lead one to include the 
Chemung with the Portage. However, so radical a step is withheld 
at present, although its reasonableness cannot be wholly denied. 
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SUMMARY 


An apparatus has been developed for measuring linear compressi- 
bility and its temperature coefficient in the pressure region from 1 
to 10,000 kg/cm? and up to 500°C., for materials which can be 
shaped into cylinders about 4.5 em long and 0.6 cm in diameter. The 
apparatus is described, with preliminary results for lead, aluminum, 
fused silica, obsidian, and an artificial diabase glass. The results for 
the glasses are highly special or even anomalous, showing very small 
positive or negative temperature coefficients of compressibility. 


INTRODUCTION 


The development of seismology has resulted in increasingly precise 
and numerous determinations of the velocities of propagation of elastic 
waves in the materials of the earth’s crust. Assuming the validity of 
certain familiar equations from the theory of elasticity, these velocities 


* Manuscript received by the Secretary of the Society, February 7, 1935. 
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may be used to compute the elastic constants of the earth materials. 
The elastic properties of many representative rocks and minerals hav- 
ing been independently studied in the laboratory, it is possible to proceed 
toward the identification of the subsurface layers. For this purpose 
it is evidently desirable to produce conditions in the laboratory as 
similar as possible to those under which the crustal materials actually 
exist, and to study their properties under these conditions. Thus the 
most relevant studies for geophysical use have been those of L. H. 
Adams, E. D. Williamson, R. E. Gibson, and others at the Geophysical 
Laboratory in Washington, and of P. W. Bridgman, of Harvard Uni- 
versity, who have measured the compressibility of a large number of 
metals, glasses, minerals, and rocks at pressures of what may be called 
“geological” magnitude. Compressibility has been studied because 
of its direct interest in guiding estimates of the density of materials 
at different depths in the crust, and because it is in general the only 
elastic constant which it has proved feasible to determine at high 
pressures. The only other elastic coefficient which has been studied 
under high hydrostatic pressure is the modulus of rigidity; but the 
method employed is applicable only to materials capable of being 
fashioned into springs. 

Compressibility is a function of both temperature and pressure; 
and except at the surface of the earth, the materials of geological inter- 
est exist under conditions involving not only high pressures but also 
high temperatures. The authors have consequently attempted to intro- 
duce the additional element of high temperature in the laboratory 
measurement of compressibility. The method adopted is limited 
rather definitely at present as to the highest temperature which may 
be used. The limit is set by the temperature at which steel begins to 
lose the enhanced strength imparted to it by heat treatment. This is, 
of course, different for different steels, but for the steels of greatest 
tensile strength and toughness, which alone are suitable for high pres- 
sure work, the maximum working temperature under high stress seems 
to be around 500° C., and even here the useful life of the steel is much 
shorter than at temperatures below 300° C., which have no weakening 
effect, or very little. For this reason, most of the measurements which 
follow were carried only to 300°, to avoid the interruptions and delays 
inevitable when pushing the temperature to the limit; in the continua- 
tion of this work, the full range is to be used, especially for certain 
materials which exhibit anomalous behavior. 

The pressure range to be combined with this temperature interval 
was arbitrarily chosen as 10,000 kg/cm’; it could probably be extended 
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to 12,000 or even 15,000, but with increasing inconvenience and per- 
haps little gain. The temperature limit of 500° C. corresponds to the 
estimated temperature within the earth at a depth of from ten to fifteen 
miles; the pressure of 10,000 kg/cm? to a depth of probably twenty 
miles. There is thus ample pressure for the available temperature 
range, thinking in terms of the earth’s crust and of geological appli- 
cations. 

The preliminary work which is here described was primarily an 
effort to discover whether or not reasonably reliable measurements of 
compressibility could be made over the range of pressure and tempera- 
ture selected; for numerous reasons a rather small scale was chosen 
for the apparatus; the specimens were about 4.5 cm long and 0.6 cm 
in diameter. The use of such small specimens determined the kind 
of specimens available; only materials of very fine grain could be 
expected to furnish representative results, and the present apparatus 
is restricted to making measurements on such materials as metals, 
glasses, and very fine-grained minerals. The sensitivity of the method 
is proportional to the length of the specimen, and in the future it is 
hoped that larger specimens may be used, permitting a greater variety 
of test materials and a greater precision of measurement. 


DESCRIPTION OF APPARATUS 
THE PRESSURE APPARATUS 


In view of the desired temperature range, it was necessary to trans- 
mit the pressure to the piezometer by means of an inert gas. Previous 
experience had shown that nitrogen was satisfactory for this purpose, 
but to obtain pressure of the order of 10,000 atmospheres, beginning 
with the pressure of the commercial cylinders, requires a change of 
volume of the gas in the ratio of 10 to 1. This was one reason for 
employing as smal! a final volume as possible. 

A diagram of the pressure system appears in Figure 1; the large 
press A (shown in section, Fig. 1), was constructed in 1910 by P. W. 
Bridgman and recently remodeled by him for this work. The other 
parts of the system are represented approximately to scale, but sche- 
matically. Small details cannot be shown on this scale. By means 
of suitable valves, nitrogen at tank pressure, about 100 atmospheres, 
may be run into the cylinders B and C, which, together with the connect- 
ing block D, constitute the high pressure system, and also into the cyl- 
inder EZ. This last cylinder contains a 2-inch piston, which is acted 
upon by pressure generated in two electrically driven pumps, through 
the medium of a mixture of glycerine and water. The nitrogen in 
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this cylinder can then be forced into B and C—the piston F being in 
the position shown—through the narrow bypass G. By manipulation 
of the valves M, the cylinder E may be used several times if neces- 
sary, until the pressure in B and C is raised to about 1,000 atmospheres. 
To reach higher pressures, the piston F is advanced by pumping with 
the same pumps upon the 6-inch ram H. The diameter of F being 
11% inches, a sixteenfold multiplication of the pump pressure results, 
neglecting the very considerable friction. The maximum pressure 
obtainable is around 16,000 atmospheres, but in practice this may 
be limited by the free space in C and D and the connecting passages. 

The large press is provided with a draw-back cylinder J for backing 
off the ram; this also is actuated by the same pumps, through the inter- 
vention of the valve block Q. Tie rods, not shown in the figure, con- 
nect the yokes K and L. On account of the cumbersome size of this 
press, it is suspended by two chain hoists from rollers running along 
a horizontal I-beam. When in operation, the high-pressure end of 
the press is shielded by a small concrete room, capable of stopping 
fragments which may be ejected in case of rupture of any of the parts. 

The packings throughout are those of the “unsupported area” type 
developed by Bridgman,’ with soft packing of rubber or lead, backed 
up by fiber, copper, or steel, depending upon the requirements. In 
the packing at the bottom of the high-temperature cylinder C the soft 
packing used for temperatures above 300° C. is pure silver. This is 
satisfactory if the washers are made closely to size and well tightened 
initially. The high-pressure pipe connections are improved for use 
with gases if a coating of paraffin is applied to the washers before 
assembling; this goes far to insure initial tightness, which is harder 
to obtain than with liquids. 

The valves used are of a simple needle type, with rubber or leather 
packing. None of these has to withstand a pressure much greater 
than 1,000 atmospheres. This is because the piston F in advancing 
passes the opening G, confining the high pressure to the space in 
front of it and incidentally releasing any pressure which may exist 
in the connecting pipe and on the valves N and M. 

The other valves all work in the low-pressure part of the system, 
that is, where there is no intensification of the pump pressures. On 
the return of the piston F, the bypass is reopened and the gas may 
be released through the valve N. 

All cylinders and pipes used for the high pressures (greater than 
1,000 atmospheres) are made either of chrome-vanadium or of chrome- 


1P. W. Bridgman: The physics of high pressure. Macmillan, New York. 1931. 
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molybdenum steel, machined from solid forged bars and heat treated. 
The piston F is of Ketos steel, left glass-hard and ground. A number 
of steels were tried out at the beginning for use under the combined 
effects of high stress and high temperature; these included several of 
the high-speed tool steel type, in the hope that these would retain 
their strength at high temperatures, but they proved insufficiently 
strong for high-pressure work, even at room temperature. The chrome- 
molybdenum steel, known as S. A. E. No. 4150, has been chiefly used 
for the high-temperature cylinder C; this is satisfactory under 300° 
or 350° C., but at higher temperatures annealing begins and the life 
at high pressure is greatly shortened, although still long enough for 
several sets of measurements. 

The shape of the high-temperature cylinder, which contains the 
piezometer, is shown in Figure 1. At the top, it screws into a con- 
necting block D, which in turn is fixed to the pressure-generating 
cylinder by a short pipe. Thus the high-temperature cylinder can be 
placed in a vertical position; its lower end is heated by a small electric 
furnace; the upper end and the connecting block are cooled by a water 
jacket W. The function of the connecting block, other than to connect 
the test cylinder to the press, is to provide insulated electrical leads 
into the pressure chamber. Three of these are necessary for poten- 
tiometer connections to the piezometer, the press itself serving as the 
fourth. Another lead is necessary for the pressure gauge, which is 
a coil of fine insulated manganin wire, mounted in the connecting 
block. The usual Bridgman method is used in packing and insulating 
these leads with somewhat different proportions. The use of a gas 
as a pressure fluid requires, for freedom from leak, a rather larger 
unsupported area than is necessary with liquids. On the other hand, 
if the unsupported area is relatively too large, the increased stress in 
the packing will cause the stem to pinch off. The dimensions chosen 
represent a compromise that is, on the whole, satisfactory up to 10,000 
atmospheres, although occasionally a stem is pinched off. The stems 
are made of chrome-vanadium steel, turned to size and hardened. 

The electrically driven pressure pumps were designed by Professor 
Bridgman and built under his supervision. They are reciprocating 
pumps driven by 14-hp. motors through reducing gears and eccentrics. 
The pistons are Ketos steel, hardened and ground; one has a diam- 
eter of 0.375 inch, the other of 0.312 inch, permitting different rates 
of pumping and different maximum pressures; one pump goes up to 
700 atmospheres, the other to 1,700 atmospheres. The valves, always 
the most troublesome parts of such pumps, are contained in conve- 
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niently removable screw plugs. These pumps have now functioned 
for two years with very little attention; the piston packing, which is 
of leather, must be replaced occasionally. 


THE FURNACE 


The lower part of the test cylinder, which contained the specimen, 
could be heated in a small furnace consisting of No. 18 chromel wire 
wound on an alundum core, well lagged with mineral wool. Closely 
fitting inside the alundum core was a thin steel can containing a mix- 
ture of sodium and potassium nitrates, or oil; the high-temperature 
cylinder fitted inside this can, leaving room for a thermocouple of 
No. 28 chromel and alumel wires, protected by thin glass and metal 
tubes. The depth of the liquid with the cylinder in place was about 
8 inches; it was not intended to be a circulating bath, but rather to 
make good thermal contact with the furnace tube and thermoelement. 
The winding of the furnace was divided into an upper and a lower 
half; on account of the water circulation which cooled the upper part 
of the test cylinder, a much greater current was required in the upper 
winding than in the lower to produce an approximately uniform tem- 
perature along the immersed part of the cylinder. Exploration showed 
that a distribution of temperature uniform to within several degrees 
over the region occupied by the specimen could be maintained; this 
exploration necessarily took place at atmospheric pressure, by means 
of a thermocouple introduced through the open top end of the test 
cylinder end moved to different levels. Under pressure, the dense 
nitrogen content of this cylinder probably reduced this variation a 
little; but evidently conduction along the heavy steel cylinder is the 
chief factor in the temperature distribution. The difference between 
the average inside temperature over the region occupied by the speci- 
men, and the temperature given by the thermocouple placed at the 
center of the bath outside the cylinder, was not more than 2 or 3 
degrees. 

Greater uniformity of temperature was not required, since compres- 
sibility changes slowly with temperature, but constancy of the dis- 
tribution was important. This was attained by allowing the furnace 
and its contents to come to equilibrium before beginning measure- 
ments; the thermal mass of the furnace itself was considerable, and 
the average temperature as measured by the external thermocouple 
rarely varied during a run by so much as 1° C. With a specimen of 
lead (the most unfavorable case) a change of temperature of 1° C. 
produces a change of length relative to steel equal and opposite to 
the change due to about 30 atmospheres. A drift of temperature of 
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this amount during a run would consequently appear as an error in 
the pressure of about one-third of 1 per cent of the pressure range. 
Where justified by the precision of the other factors, a correction for 
temperature drift could be applied. The emf of the thermocouple 
was measured with a small potentiometer and a galvanometer sensi- 
tive to about a quarter of a degree. The uncertainty in the average 
temperature of the specimen probably does not exceed 5° C. 


THE PIEZOMETER AND THE THEORY OF THE METHOD 


In principle the apparatus is one already thoroughly exploited by 
P. W. Bridgman,? in which the change of length of the specimen rela- 
tive to that of a steel container, produced by a change of pressure 
or of temperature, changes in turn the length and therefore the elec- 
trical resistance of a slide-wire included between two contacts, one 
fixed to the wire and one sliding over the wire but fixed to the container. 
The resistance of this length of wire is measured with a potentiometer, 
giving the linear compressibility of the specimen relative to that of 
the container, in terms of the linear resistivity of the wire. The 
absolute linear compressibility of the steel must be known in order 
to derive the absolute linear compressibility of the specimen; if the 
specimen is isotropic its cubic compressibility may then be readily 
deduced. 

In view of the proposed use of high temperatures, the details of 
the slide-wire piezometer as used by Bridgman had to be changed in 
many respects. In the former device, using temperatures below 100° C. 
maintained by a thermostat, the slide-wire was mounted directly in 
contact with the end of the specimen, or upon the end of a lever in 
contact with the specimen which produced a magnification of the 
motion. For several reasons it seemed undesirable to expose the slide- 
wire to the much higher temperatures contemplated here. Among 
these reasons were the following: (1) a relatively important correc- 
tion would have to be applied for the change of resistance of the slide- 
wire with temperature; (2) the difficulties of maintaining proper insu- 
lation of the electrical circuit would be increased; (3) the use of soft 
solder in assembling the slide-wire and its various contacts would be 
prohibited; (4) the resistivity of the slide-wire might be progressively 
altered by exposure to high temperatures. In consequence, the slide- 
wire was connected to the end of the specimen by means of a soft 
steel rod long enough so that the slide-wire could be kept at a temper- 
ature substantially independent of the temperature of the specimen. 


2 Idem: The compressibility of thirty metals as a function of pressure and temperature, Am. 
Acad. Arts and Sci., Pr., vol. 58 (1923) p. 165-242. 
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The other end of the specimen was pressed 
against the bottom of a steel container 
enclosing both the specimen and the rod, 
and fixed at the top to the contact sliding 
along the slide-wire. All of this, rod, tube, 
specimen, and slide-wire, was enclosed in 
the test cylinder (C, Fig. 1) and exposed to 
hydrostatic pressure and to a temperature 
gradient, the temperature varying from the 
high temperature at the specimen to about 
room temperature at the slide-wire end. 
Except for possible radial differences, the 
tube and the rod which it enclosed with very 
little clearance, passed through the same 
temperature gradient, and they were under 
the same pressure. They were designed in 
this way so that their changes of length 
would compensate one another, the net mo- 
tion of the slide-wire equaling the difference 
of the change of length of the specimen and 
of an equal length of the enclosing tube. 
The detail of the piezometer is shown in 
Figure 2; the clearance between the various 
moving parts is not represented. Here A 
is the specimen in place. The container B 
is of stainless steel (Allegheny 33) as are 
the caps C and D which fit over the ends 
of the specimen. The point at the bottom 
of cap D is rounded and polished; it rests 
in the conical depression in the screw E. 
The spring F, made of a stainless steel 
known as Nevastain, presses the top cap C 
against the specimen; this spring is evi- 
dently exposed to the same temperatures 
as the specimen and must retain its temper 
under these conditions. The tube G of soft 
drawn steel tubing is threaded to the con- 
tainer B and further secured by set screws. 
It is about % inch in diameter, with a bore 
of 4. inch, and is pierced transversely by 
a number of small holes along its length; 


Ficure 2.—Section of test cylin- 
der and piezometer 
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these are intended to permit pressure changes to take place readily 
without distorting the apparatus. Inside this is the rod H of soft 
Bessemer steel, 0.055 inch in diameter, fixed to the cap C. This rod 


] 
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Ficure 3.—Diagram il- 
lustrating principle 
of piezometer 


transmits the relative motion of the specimen in the 
container to the slide-wire K at the top. The tube 
passes through a long hole drilled in the test cylinder 
and is threaded into the piece L. This in turn is 
clamped against the top of the test cylinder by the 
piece M, which carries the contact, insulated by 
mica sheets from the cylinder, against which the 
slide-wire slides. Thus the external part of the 
piezometer is rigidly fixed to the test cylinder at 
the top, while the inner part is free to displace itself 
following the motion of the end of the specimen. 

There must be radial clearance between the tube 
and the long hole in the test cylinder so that no 
drag due to mechanical friction may be exerted as 
the test cylinder elongates under pressure; similarly, 
there must be vertical clearance between the cyl- 
inder and the container, for the same reason: every- 
thing inside the cylinder shortens under pressure, 
while the cylinder itself lengthens. The increase in 
length of the test cylinder under internal pressure 
of 10,000 atmospheres is about 0.001 inch; the 
shortening of the piezometer assembly is about 0.020 
inch. 

The slide-wire carries the fixed contact N, and 
is supported at the top by a small spring, not shown 
in the figure. Electrical connections from the fixed 
contact, the sliding contact, and the spring are made 
by soft soldering fine flexible copper wire to small 
copper lugs in the fiber top piece Q. From these, 
when the test cylinder is screwed into place in the 
connecting block, connections are made by soldering 
to the leads which pass to the exterior. The sol- 
dering is done through the hole by which connection 
is made to the press. 

The piece M is protected by a brass sleeve, pierced 


with many fine holes; this was intended to keep dirt from the slide- 
wire, but is only partially successful. All of the gas which reaches 
the test cylinder must pass through this region and inevitably deposits 


some dust. 
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Several different materials were used for the slide-wire. It is desir- 
able that this have a high linear resistivity, low pressure and tempera- 
ture coefficients, and extremely high uniformity both mechanical and 
electrical. In the case of a very compressible material, the total rela- 
tive motion is only a few tenths of a millimeter; even microscopic 
irregularities of surface or of composition are therefore objectionable. 
A number of pieces of different kinds of wire were observed with a 
microscope of low power; all of them showed pits on their surfaces, 
at more or less irregular intervals, often great clusters of pits. The 
diameter of the pits varied from a few hundredths to a few thou- 
sandths of a millimeter. In the end, the only practical method 
seemed to be to select pieces showing the fewest pits and to try to 
use the best portions of these. The effect of the pits in producing 
irregular results was well established. The slide-wire materials used 
were manganin, nichrome, and chromel. Their properties which are 
of interest here are given in Table 1. 


Taste 1—Properties of slide-wire materials 


Resistivit Temp. Coeff. | Press. Coeff. | Linear Com- 
y of Resist. of Resist. pressibility 
Manganin....... 49. 10-6 +0.15.1074 | +22.4.10-7 | —2.5.107 
Nichrome IV.... 110 +2.14 —6. —1.9 
Chromel A...... 103 +1.3 —1.6 —1.9* 


* Estimated. 


By means of a potentiometer of a type described by Bridgman,* 
the resistance of the slide-wire between the contact N fixed to the 
wire and the contact S over which the wire slides is determined as 
function of the pressure. This resistance, R, is given by R=rK, 
where r is the resistance per centimeter length of the wire under the 
actual conditions, and K the distance between contacts. Supposing 
operation at constant temperature, then r=r,(1 + bp)/(1 + ap), 
b being the pressure coefficient of resistance as given by a wire with 
two contacts fixed to it, and a being the linear compressibility of 
the wire, the subscript zero referring to 1 atmosphere pressure. Using 


3Idem: Electrical resistance under pressure, including certain liquid metals, Am. Acad. Arts 
and Sci., Pr., vol. 56 (1921) p. 61-154. 
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the notation of the diagram of Figure 3, the length K will be given 
to the necessary approximation by— 


(1) 


where (AL), = change of length of the specimen, 
(AL), = change of length of the container over the region L, 
A, = linear compressibility of the inner system over the 


region N, 

A, = linear compressibility of the outer system over the 
region N, 

A; = linear compressibility of the outer system over the 
region M. 


This equation becomes— 


-G) 
i As) + M (a — A.) (2) 


Similarly, if the specimen X is replaced by the standard iron specimen, 


of length L’, then— 
AL’ AL’ R' 
= — —-— (1 


N’ (A, — As) + M'(a— Ay} (2’) 


Subtracting and putting ee, = ie, gives— 


N’ 
Now A, and A, are very nearly the same, rod and tube both being 


of mild steel, is small and and - A, are very 


L' In 
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small. In practice the last two terms are negligible. Leaving them 
out and putting in the value for r, and letting Ry = r.Ko, 


In}; 1+ bp Loro 


Taking 1 — bp = 1/(1 + bp), an approximation good to 5/10,000 for 
manganin, which has the largest coefficient b, and writing AR = R—R,, 
this reduces to— 


_1+ _ _ Lo ap 
(=) Loro [« bp) (aR 


~ dp (Re Rs) | (5) 
0 
or with sufficient accuracy— 
ab) _ (AU) 
Gh Loro 
L 


since the second term on the right is always a small correction. If 
N(A,—A,) and M(a—As;) are small enough, and the compressibility 
of the container is known, a still simpler computation may be employed. 
Thus equation (2) becomes— 


(2) - [a bp Re| (7) 
AL 


(F) and (=) were found by measurement to be very nearly the 
Fe 


same; AL is about 1% less than AL at room temperature, 
In c L Fe 


0 

and its temperature coefficient is slightly less, about 10%. Calcu- 
lations of the results were made, using equation (6) and also equation 
(7); the differences were smaller than the other uncertainties. Equa- 
tion (7) is especially convenient for use at high temperatures. 

When the chrome! slide-wire was used, further simplification oc- 
curred, since b is so small. In this case, the expression becomes, with 
adequate precision— 


AL\ /AL'\ Zar 
O/Fe Loro 


i 
1+a L 
_ 4 
Loro L 0 
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CALIBRATION AND METHOD OF COMPUTATION 


The absolute values obtained for relative linear compressibility 
depend directly upon the following constants: (1) the initial length 
of the specimen; (2) the linear resistivity of the piezometer slide- 
wire; (3) the linear resistivity of the potentiometer slide-wire; (4) the 
pressure gauge coefficient. The length of the specimen at room tem- 
perature was easily found with a precision of 1 part in 2,000 by 
measurement with an ordinary micrometer caliper. In the values of 


a of this paper, Z, is throughout the initial length at room tem- 
0 


perature and 1 atmosphere. 

The linear resistivity of the piezometer slide-wire is not easily found; 
in operation a length of wire of a few tenths of a millimeter alone 
is of interest. Direct determination of the linear resistivity over this 
small region is possible, using a micrometer to advance the wire by 
small known distances, but the precision obtainable in this way is 
mediocre; variations in the screw of the micrometer may be sufficient 
to give irregular results. If long pieces of wire are taken, for example 
50 cm or so, the average resistivity of each piece may be found with 
adequate precision, but a study of a number of such lengths showed 
that variations of 1% were not uncommon for pieces of wire from 
the same spool. The best method seemed to be to find first the aver- 
age resistivity of a long piece of wire; then to study the variations 
of resistance along its length with a double-bladed slider having a 
fixed distance between the blades of 3 cm; the blades were used as 
potential leads to the potentiometer. Deviations from the average 
resistivity for lengths of 3 cm could then be obtained, and finally a 
portion of wire selected which showed uniform resistivity over a con- 
siderable length. This procedure does not, however, guarantee against 
small irregularly periodic variations, and in the end the values taken 
for the resistivity of the regions actually employed may conceivably 
be in error by as much as 1%. . 

The slide-wire of the potentiometer was carefully calibrated at 1-cm 
intervals; the maximum deviation from the average along its length 
amounted to 0.03 em of its own length. The average value is exact 
to about 2 parts in 1,000. 

The pressure was measured in terms of the change of resistance 
of a coil of silk-covered manganin wire, mounted in the connecting 
block; several of these were used at different times, all made of wire 
from the same spool. These coils had a resistance of about 110 ohms, 
and a pressure coefficient of about 2.4 x 10°. A change of pressure 
of 1,000 kg/cm? gave a displacement on the slide wire of a Carey 
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Foster bridge of some 4.5 cm, so that reading to 0.01 cm gave the 
pressure to about 2 kg/cm?. The coils used were checked against a 
standard coil belonging to Professor Bridgman, which in turn was 
calibrated in terms of the freezing pressure of mercury at 0° C., taken 
as 7,640 kg/cm.? This standard coil showed a coefficient in February, 
1933, of 2.297 x 10°; and in August, 1934, 2.287 « 10°, a change 
of nearly 0.5%. Supposing that a linear change with time took place 
between these dates, the values found by comparison with this coil 
for three “working” coils were as follows: 


Evidently either some secular change was taking place in the spool 
of wire from which these coils were successively made, or else the 
composition varied slightly along its length. The differences are not 
greater than those usually found for different pieces of manganin 
wire, even from the same spool; the final uncertainty on the pressure 
measurement is of the same order as the change in the standard coil, 
about 0.5%. The unit of pressure throughout this paper is the kilo- 
gram/cm?; this is to be understood even when the convenient term 
atmosphere is employed. 

The observed data were treated in several different ways; if the 
plotted points gave a smooth curve capable of showing the change 
of compressibility with pressure, as in the case of the measurements 
on silica glass, and some of the runs on lead and aluminum, a straight 
line was passed by computation through the points at 1 and 10,000 
atmospheres, and the differences between the values given by the line 
and the observed values were computed and plotted to a large scale. 
In most cases, it was then easy to determine the parabola which fitted 
these deviations most closely; this was sketched in and the average 
deviation of the points from the parabola found graphically. 

Having expressed the observed data in the form of a quadratic in 
the pressure, the various corrections could easily be applied. These 
were important only in the case of the manganin slide-wire, where 
the effect of pressure on the resistance of the wire is very large. In 
the case of lead or silica glass, this correction amounted to about two 
thirds of the final value; for less compressible materials such as diabase 
glass, the correction for the wire alone was 130% of the net final value. 
This correction, which appears chiefly as AR’ of the equations 6 
and 8, was determined with ample precision, since it was accurate 
to about 0.5%. There was the advantage with the manganin that 


| 


1234 FRANCIS BIRCH, R. R. LAW—-MEASUREMENT OF COMPRESSIBILITY 


the effect of such temperature variations as the slide-wire might 
undergo was completely negligible. 

With the nichrome and chromel wires, the pressure correction was 
small, in the case of lead amounting to about 7% for the nichrome 
wire and about 2% for the chromel wire. The effect of temperature 
changes was greater than for the manganin wire. A change of 10° C. 
in the temperature of the slide-wire would produce a change in the 
linear resistivity of the wire of only about 0.1%; such a change might 
take place between winter and summer, but its effect upon the calibra- 
tion is smaller than the other uncertainties. More important would 
be the effect upon the total resistance of the slide-wire during a run, 
which might compare with the change of resistance due to the change 
of length of the specimen if the slide-wire were sufficiently long. The 
remedy for this was to use as short a length of slide-wire as could 
be depended upon to give reproducible results; this was of the order 
of 1 cm. In addition, runs were made under operating conditions, 
with dummy slide-wires mounted in the place of the usual one, that is, 
wires having the same length as the real slide-wire, with two potential 
leads fixed to them; the change of resistance of these fixed lengths of 
wire due to change of pressure and to change of the temperature of 
the specimen was studied, with the conclusion that the resistance of 
the slide-wire was sensibly independent of the temperature of the 
specimen. Measurements were always made with ascending and with 
descending pressure; there was no systematic variation such as might 
be caused by the heat of compression or decompression. 

For the diabase glass and for obsidian, the observed points showed 
a good deal of scattering; in order to avoid prejudice in evaluating 
the data, the following procedure was adopted: all corrections were 
first applied to the observed values, and straight lines found to fit 
these corrected values by the method of least squares. In no case did 
the slope found in this way differ significantly from that found by 
graphical methods. 

From the slope, the linear compressibility relative to steel was found 
according to the expressions developed in the preceding section. To 
obtain the true linear compressibility of the specimen, it was necessary 
to know the linear compressibility of pure American ingot iron, which 
was used as the reference material. This has been measured at 30° 
and 75° by Bridgman,* whose values are— 


+The values attributed to Bridgman differ slightly from those in the reference [P. W. Bridg- 
man: The compressibility of thirty metals as a function of pressure and temperature, Am. Acad. 
Arts and Sci., Pr., vol. 58 (1923) p. 165-242]; Professor Bridgman has kindly informed the 
authors of a small correction to his work, as yet unpublished. 
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At30°, — — 1.956-10-'p + 0.74-10-2p? 
at75°, 22 ——1.975:10-p + 0.74:1072p? 


0 
From these has been derived the expression— 


= (1+ 2.2-10~t) (— 1.944-10-"p + 0.74:10-?p?) , 
0 
to give the linear compressibility at higher temperatures. A linear 
variation with temperature over the range of this paper is thus assumed. 
The value of the temperature coefficient from 30° to 75° is probably 
correct to 5% or 10%. 

Where the material was a metal crystallizing in the cubic system, 
or could be considered isotropic for other reasons, the volume com- 
pressibility could be obtained from the relation— 


Vo 

The last term on the right is negligible for the pressure range of 
these experiments; the second is not, and makes a perceptible con- 
tribution to the change of volume compressibility with pressure. It 


should be noted in passing that even if = is linear in pe will be 
0 


of the form — ap + bp?, with b too large in general to be neglected. 


Conversely, if a were a linear function of p, then = would have 
0 0 
to show a small amount of curvature in the abnormal direction, i.e., 
becoming more compressible at higher pressure. 
The true volume compressibility at any temperature is, of course, 


X;= - - ) and is found by taking the pressure derivative of 
Vo T 
& at that temperature. Then if— 
0 
AV 


—ap+bp?, X;=+a—2bp 
0 


and the average compressibility to any pressure p’ will be given by 
U 
X’r = + a — bp’; this is equal to the compressibility at 2 Through- 


out the present paper, X’,r will signify the average volume compressi- 
bility to 10,000 kg/cm?, at the temperature 7’. 
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DETAILED RESULTS 
LEAD 


The lead specimen was made from a Bureau of Standards melting 
point sample No. 49, having a melting point of 327.3°C. This was 
remelted and cooled in a vacuum and carefully machined into a cyl- 
inder 1.800 inches long and %4¢ inch in diameter. The density of the 
specimen at 25° was 11.31. 

It was found that reliable measurements could not be made near 
the melting point; at temperatures above 200° C. there was often a 
perceptible permanent shortening of the specimen during a run. This 
had apparently nothing to do with seasoning, for it occurred after the 
lead had been exposed to pressure many times during the course of the 
preliminary studies, often combined with temperatures of the order 
of several hundred degrees. Presumably the rigidity of the lead was 
so diminished at 200° C. as to allow bending under the compression 
of the spring which pressed the specimen against the bottom of the 
piezometer. 

Runs were made with three different kinds of slide-wire. The cor- 
rections were thus entirely different in the three sets of runs, and the 
degree of concordance of the results gives a good indication of the 
precision. In a number of cases it was possible to observe the change 
of compressibility with pressure; in others only X’7, the average com- 
pressibility to 10,000 kg/cm?, could be derived with sufficient certainty. 
The results are shown in the following table, together with the number 
of points observed, the number discarded if any, the mean arithmetical 
deviation of the remaining points from the smooth line or curve used 
in representing them, given as percentage of the maximum effect. 

These runs furnish also the linear thermal expansion of lead, rela- 
tive to the container. The average value to 250° is 17:10; taking 
the mean value for the container (Allegheny 33) as 11-10, this gives 
28-10-* for the absolute value for lead, at atmospheric pressure. 

The average compressibilities to 10,000 kg/cm? are plotted in Fig- 
ure 4. Permanent shortening took place during the run at 259°, appar- 
ently during the increase of pressure, since the value obtained with 
decreasing pressure fits smoothly with the other points. The observed 
values lie on a curve concave upward; the equation of the solid curve 
is X’p = 21.40(1 + 4.8-:10t + 4-10-7t?)-107. 

The values obtained with the chromel slide-wire form a group dis- 
tinctly apart from the others; the temperature variation is the same 
for both groups, but the absolute values obtained with the chromel 
wire are somewhat unreliable. The reason for this has recently been 
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found; it involves the method of securing the slide-wire to the rod 
which transmits the motion from the specimen. Throughout this 
paper, the values found with the chromel wire will be seen to differ 
by 1% or so from those found using the manganin or nichrome wires; 
the latter should be regarded as more reliable. 


Taste 2—Volume compressibility of lead 


AV/Vo= —ap+bp? 

No. of Average 

b- 10” 

Manganin slide-wire 
15 23.65 20.6 21.59 22 3 0.6 
142 25.09 21.2 22.97 28 3 0.6 
259 24.90 Increasing pressure 

20 
24.60 Decreasing pressure 
Nichrome IV slide-wire 

20 23.13 15.2 21.61 15 Decreasing pressure 
0.3 
143 24.60 14.0 23.20 16 3 0.3 
221 25.77 16.9 24.08 17 3 0.7 

Chromel A slide-wire 
22 23.55 15.0 22.05 14 0 1.0 
116 22.95 13 0 1.5 
124 23.17 15 0 1.8 
185 24.09 14 0 1.5 


The results of Bridgman * for 30° and 75° are also shown in Fig- 
ure 4; they fall very closely along the solid line. 
ALUMINUM 


The aluminum specimen was made from a piece cut from a Bureau 
of Standards melting point sample No. 44c, of melting point 660.1° C. 
The chemical analysis kindly supplied by the Bureau of Standards 


SP. W. Bridgman: The compressibility of thirty metals as a function of pressure and tem- 
perature, Am. Acad. Arts and Sci., Pr., vol. 58 (1923) p. 165-242. 
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showed 0.011% Si, 0.006% Cu, 0.007% Fe, and all other elements 
together less than 0.001%, leaving 99.975% Al by difference. The 
density at 25° was 2.700. The casting seemed to be perfectly sound; 
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Ficure.4.—Average compressibility of lead 


it was thoroughly seasoned by numerous exposures to high pressures 
and temperatures. 

In the case of aluminum, the change of compressibility with pressure 
is very small; these measurements were not capable of showing it 
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with precision, but in most cases it was perceptible. The results are 
collected in Table 3, and the average compressibilities are plotted 
in Figure 5 together with those given by Bridgman. 

The values of X’, plotted in Figure 5 can evidently be represented 
with suitable accuracy by the straight line indicated; the equation of 
this line is X’7 = 12.41(1 + 0.00053t)-10-7. Bridgman’s values (indi- 
cated by squares) are nearly 2% higher than those of this paper, with 


Taste 3—Volume compressibility of aluminum 


4V/Vo= —ap+bp* 
No. of Average 
° 
10 points Discards deviation % 
a+ 10? 
23 13.55 8.4 12.71 15 5 0.4 
23 13.57 10.5 12.52 18 1 0.7 
163 14.14 6.7 13.47 16 1 0.7 
300 14.28 18 0 2.7 
435 15.74 5.3 15.26 13 0 0.4 


a temperature coefficient of 0.00054. Bridgman gives results for alu- 
minum treated in several ways; thus the average compressibility 
for a hard drawn rod at 30° was 12.93-10-7 for the drawn rod annealed, 
12.87:10-7, and for a casting (the plotted points) 12.81:10. The 
slightly lower compressibilities found in this work may conceivably 
be due to the exceptional seasoning treatment experienced by the 
present specimen. More probably, however, this discrepancy is to 
be attributed to the above-mentioned difficulty with the chromel slide- 
wire, with which the measurements on aluminum were made. 


SILICA GLASS 


The specimen of silica glass was a piece of capillary tubing obtained 
from the Thermal Syndicate, Ltd. The glass was quite clear and 
apparently free from bubbles; its density at 25° was 2.201. A pre- 
liminary annealing from about 500° was applied, as well as pressure 
seasoning, and three runs made, at 14°, then at 283°, then at 14° again. 
The manganin slide-wire was used for these measurements. The 
results are remarkable in showing a large decrease of compressibility 
at the higher temperature; they show also the abnormal curvature 
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already noticed by Bridgman and by Adams and Gibson for silica 
glass and other glasses, such as pyrex, with high silica content. Bridg- 
man measured the linear compressibility, Adams and Gibson the 
volume compressibility, obtaining very close agreement. It seems 
justifiable, therefore, to compute the volume compressibility in this 
case also, assuming isotropy. On this basis, the volume change at 
14° was given by AV/V, = — 25.61:10-"p — 29.9:10-*p? for the first 
run, = — — 20.7:10-!*p? for the second. These yield 
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Ficure 5.—Average compressibility of aluminum 


for the average compressibility to 10,000, 28.60-10-7 and 28.03-10-’. 
This difference seems too large to be attributed entirely to experi- 
mental uncertainty; the mean deviation from the smooth curves was 
0.69% of the maximum effect for the first run, with one discard, from 
25 points, and 1% for the second, with no discards, 19 points. 

The 283° run was decidedly irregular below 3,000 atmospheres, 
probably on account of some slight imperfection of the slide-wire 
in the region which came into play here. The part above 3,000 was 
very good, and the most probable value is AV/V,) = — 24.2410p 
—15.4:10-*p?, giving an average of 25.78-10-’, average deviation 0.9% 
with 25 points, no discards. The abnormal curvature and also the 
average compressibility are smaller at this temperature than at 14°. 
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These results may be compared with those of Bridgman® and of 
Adams and Gibson;’ the former obtained— 


at 30°, AV/V,. = — 26.47:10-"p — 17.6:10"p?, giving an average 


compressibility to 10,000 of 28.23-10-*, and 
at 75°, AV/Vo = —27.74:10"p —7.17-10-*p*, an average of— 


28.46-1077. 
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Ficure 6.—Silica glass at 14°C. deviations from linearity 
At 25°, Adams and Gibson, measuring the volume compressibility, found 


AV/V, = — 26.36:10-"p — 19.9:10"p?, yielding the mean value 
of 28.35-10-". 


6 Idem: The compressibility of several artificial and natural glasses, Am. Jour. Sci., vol. 10 


(1925) p. 359-367. 
7L. H. Adams and R. E. Gibson: The cubic compressibility of certain substances, Wash. Acad. 


Sci., Jour., vol. 21 (1931) p. 381-390. 
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On account of the interest attaching to this material, the experi- 
mental points for the first run at 14° are shown in Figure 6. The 
curvature is very much in evidence; what is plotted is the difference 
between the experimental points and a straight line passing through 
the points at 1 atmosphere and at 10,000. It is clear that the parabola 
indicated represents the data with suitable accuracy. 

The average linear thermal expansion over the 270° of these meas- 
urements was 10.6-10~ less than that of the container, or about 0.4-10~, 
which is of the right order of magnitude. No great precision can be 
claimed for this small difference; the chief uncertainty, however, is 
on the thermal expansion of the container itself. 


OBSIDIAN 


The obsidian sample was made from the same block of Lipari Island 
obsidian from which the specimen used and described by Zisman ® was 


Taste 4—Compressibility of obsidian 


1(8l\ No. of Average 
15 9.12 27.11 17 0 0.7% 
139 9.20 27.35 19 3 0.9% 
294 9.07 26.96 19 0 0.8% 
24 8.94 26.59 14 0 1.0% 
182 9.07 26.97 14 0 1.0% 
312 8.94 26.56 13 0 0.6% 


taken. The density was 2.357 at 25°. Runs were made at 15°, 139°, 
and 294°, using the manganin slide-wire, and at 24°, 182°, and 312° 
with the chromel wire. The average values have been given as deter- 
mined by the method of least squares. In Table 4 are the mean linear 
compressibility to 10,000 kg/cm?, the mean volume compressibility, 
assuming isotropy, the number of points for each run, and the mean 
arithmetical deviations of the points from the average line. The 
linear thermal expansion was 5.8-10~ less than that of the container, 
or 5.2:10-*. 

For the compressibility to 800 kg/cm? of this same material, al- 
though a different specimen, Zisman found 29.0-:107 at 30°; for the 


8W. A. Zisman: Compressibility and anisotropy of rocks at and near the earth’s surface, 
Nat. Acad. Sci., Pr., vol. 19 (1933) p. 666-686. 


gs 
by 
a “ 
‘ 
= 


DETAILED RESULTS 1243 


average volume compressibility to 10,000 kg/cm? of Ascension Island 
obsidian, Bridgman obtained 25.13-10- at 30°, and 25.07-:107* at 75°. 
The values depend upon the assumption of isotropy, the linear com- 
pressibility having been measured. The measurement of volume com- 
pressibility by Adams and Gibson’® of obsidian from Yellowstone 
National Park gave 27.45:10-" for the mean compressibility to 10,000 
at 25°. 
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Ficure 7.—Average volume compressibility of obsidian 


The values of Table 4 are shown in Figure 7; there is the usual 
discrepancy between the results with the manganin and chromel wires, 
but the temperature effect is very closely the same in both cases. 
The manganin values are to be preferred. 


DIABASE GLASS 


This was an artificial glass made by the General Electric Company 
at Lynn by melting crystalline rock from Westfield, Massachusetts, 
known as Mt. Holyoke trap. The thin section shows the glass to 
be quite free from crystallites of any sort and almost entirely free 
from gas vesicles (totaling less than 0.0005 by volume). Networks 
of minute cracks occur here and there in the section. Analyses of 
the original rock and of the glass are given in Table 5. 

The authors are indebted to F. A. Gonyer, of the Mineralogical 
Laboratory of Harvard University, for the analysis of the glass; of 


®P. W. Bridgman: The compressibility of several artificial and natural glasses, Am. Jour. Sci., 


vol. 10 (1925) p. 359-367. 
10], H. Adams and R. E. Gibson: The cubic compressibility of certain substances, Wash. 


Acad. Sci., Jour., vol. 21 (1931) p. 381-390. 
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the analyses of the rock, the first one—(a) by G. W. Hawes 1!—is 
very old; the second—(b) by G. Steiger ‘*—is more recent and prob- 
ably more nearly applicable. 

The glass was furnished in the form of a cylinder about 2 inches 
high and of the same diameter. Two specimens were prepared by 
sawing out prisms with a diamond saw and grinding to shape; one 


TasLe 5.—Analysis of Mt. Holyoke trap and derived glass 


Mt. Holyoke Trap Glass 
(a) (b) (c) 
100.21 99.79 99.87 


of these was oriented parallel to the axis of the cylinder, the other 
at right angles to the axis. In a melt of this size, the glass could 
hardly be expected to be perfectly isotropic, and in fact the linear 
compressibility was not quite the same for the two specimens. Meas- 
urements were carried to around 300° for both specimens, using the 


uG. W. Hawes: The trap rocks of the Connecticut Valley, Am. Jour. Sci., vol. 9 (1875) 
p. 185-192. 

2G. Steiger in B. K. Emerson: Plumose diabase and palagonite from the Holyoke trap sheet 
(with discussion by A. R. Lane), Geol. Soc. Am., Bull., vol. 16 (1905) p. 91-130. 
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manganin slide-wire. The average results, as determined by the 
method of least squares, are shown in Table 6. The average volume 
compressibility to 10,000 kg/cm? was calculated from these, taking 
the value parallel to the axis once and the value perpendicular to 
the axis twice, on the assumption that these are truly characteristic 
of the orientations. This is probably not true, but the difference is 
hardly significant. The smoothed values of the average volume com- 
pressibility are plotted in Figure 8. 


17 


Ky 


a 


00 
TEMPERATURE 


Ficure 8.—Volume compressibility of diabase glass 


Unpublished results by Bridgman for two other specimens made 
from this same glass are in substantial agreement with the present 
low temperature values. There are several determinations of the com- 
pressibility of natural basaltic glasses; Bridgman ** obtained 17.63-107 
and 18.00-107 for the average compressibility to 10,000 kg/cm? at 30° 
and 75° of tachylite from Torvaig, Island of Skye; and 12.83-10-? for 
the average at 75° of tachylite from Kilauea, Hawaii, partly devitrified. 
There was an anomaly in the 30° run on this latter specimen; the low 
pressure compressibility may be taken as 13.26:10-7. For tachylite 
from Kilauea, Adams and Gibson’* found a mean compressibility 
of 14.2:1077 at 25°. 

No measurements of compressibility exist for the crystalline rock 
from which this glass was made; there are determinations for several 


13 P, W. Bridgman: The compressibility of several artificial and natural glasses, Am. Jour. Sci., 


vol. 10 (1925) p. 359-367. 
44. H. Adams and R. E. Gibson: The compressibilities of dunite and of basalt glass and 


their bearing on the composition of the earth, Nat. Acad. Sci., Pr., vol. 12 (1926) p. 275-283. 
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diabases and basalts from other localities by Adams and Gibson,"® 
by Bridgman,’* and by Adams and Williamson.’’ These materials 
were all less compressible at ordinary temperatures than this artificial 
glass, with the exception of a basalt studied by Adams and Williamson. 
The composition of this material resembled rather closely that of the 


TasBLe 6.—Average linear compressibility of diabase glass 


No. of Average 
ly points Deviation % 


Parallel to axis 


10 5.33 21 0 1.8 
12 5.30 21 3 1.4 
132 5.43 18 1 2.2 
298 5.36 18 0 a7 
Mean linear thermal expansion, 5.6*10~°. 
Perpendicular to axis 
14 §.21 19 1 2.0 
152 5.41 20 0 1.8 
312 5.30 20 0 1.8 


Mean linear thermal expansion, 5.4: 10~°. 


present glass; its average compressibility at 25° was nearly 10% 
greater than that of the glass. 


CONCLUSION 


The results for the pure metals, lead and aluminum, show no sur- 
prising features, except perhaps that the compressibility is so nearly 
a linear function of temperature. It would be natural to expect the 
compressibility to increase more rapidly as the temperature increases, 
and this effect is indicated by the measurements, but even for lead, 
the deviation from linearity over the region studied is less than 1% 
of the compressibility itself, or less than about 6% of the total change 


Idem: The elastic properties of certain basic rocks and of their constituent minerals, 
Nat. Acad. Sci., Pr., vol. 15 (1929) p. 713-724. 

16 P,. W. Bridgman: The thermal conductivity and compressibility of several rocks under high 
pressures, Am. Jour. Sci., vol. 7 (1924) p. 81-102. 

17L. H. Adams and E. D. Williamson: On the compressibility of minerals and rocks at high 
pressures, Franklin Inst., Jour., vol. 195 (1923) p. 475-529, 
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with temperature observed. The temperature coefficients, as well as 
the compressibilities, are very near to those already found by Bridg- 
man using the small temperature range 30° to 75°. The precision 
of the present measurements was sufficient in most cases to show the 
change of compressibility with pressure for both lead and aluminum. 

On the other hand, the effect of temperature upon the compressi- 
bility of the glasses was completely unpredictable. Silica glass shows 
the abnormality of a decrease of compressibility at higher tempera- 
tures; the decrease is so large as to appear well beyond experimental 
error—almost 10% for 270°. Associated with this is an abnormal 
increase of compressibility with increasing pressure, this also much 
too large to neglect; it appears to become less notable at higher tem- 
perature. There is, of course, the possibility that this material is 
not perfectly isotropic; manufactured in the form of a rod, this glass 
may be differently compressible laterally and longitudinally; but on 
account of the elongated shape of the specimen, the lateral dimensions 
would have to change by excessive amounts in the “normal” way to 
bring the true volume changes back to normal. In addition, the agree- 
ment as to sign and magnitude of the effect with the measurements 
of Adams and Gibson, already cited, upon the volume compressibility 
gives some assurance as to the isotropy of the material. This decrease 
of compressibility at high temperature must be regarded as highly 
anomalous, and confirmation by further and more sensitive measure- 
ments is desirable. 

In between silica glass and the metals fall the other two glasses, 
natural obsidian and artificial diabase glass. These both show the 
peculiarity of an initial small increase of compressibility followed 
by a small decrease as the temperature rises to 300°. The maximum 
change is only about twice the experimental uncertainty, but the regu- 
larity of the effect in four sets of measurements (two specimens of 
glass, two studies of obsidian) strengthens the belief that the effect 
is real. It is reasonable to suppose that the silica content of these 
glasses is responsible for this behavior; more sensitive measurements 
may reveal the anomalous change with pressure which is also charac- 
teristic of high silica glasses. One of the tasks for the immediate 
future is the study of these glasses with the full temperature range 
of the apparatus; this has seldom been used in the preliminary work 
on account of the great shortening of the life of the apparatus, but 
these results evidently require the fullest possible study. 

Along with these should go investigations of crystalline materials 
of the same general composition. It seems a priori probable, and some 
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preliminary work upon olivine diabase indicates that such materials, 
though less compressible at ordinary temperatures, possess a positive 
temperature coefficient of compressibility, whereas that of the glasses 
appears to be very nearly zero or even negative. This opens the 
question of whether or not there may be a temperature above which 
the glass is less compressible than crystalline material of the same 
composition; the solution of this problem has a very direct bearing 
upon the question of a glassy substratum now debated by geophysicists. 
One of the arguments against the existence of such a substratum is 
that at the level where this is assumed to be, the supposed velocity 
of wave propagation is too high to be consistent with the elastic proper- 
ties of known glasses at surface conditions. The discovery of anom- 
alous behavior of glasses with respect to temperature and pressure 
changes may affect the argument leading to this conclusion. 

A factor which should be mentioned here is this: the compressibility 
of iron has been assumed to vary linearly with temperature over the 
range employed. The compressibility of iron enters as nearly one-half 
the absolute compressibility in the case of aluminum or of diabase 
glass, as about one-quarter or one-fifth for the other materials. Thus 
a change of 1% in the figure taken for the compressibility of iron 
entails a change of one-half of 1% in the result for aluminum or 
diabase glass, and so on. The total change in the value for iron 
in 300° is only 7%, assuming a linear variation, so that a difference 
of 1% at 300° would require a change of 14% in the average tem- 
perature coefficient. The value taken for the temperature coefficient 
is probably good to at least 10%; thus, if the variation is linear, the 
values used for iron will be good to about 0.7% at 300°. If the 
variation is non-linear, it is, of course, hard to say what the difference 
might be; it is reassuring, however, to find that the temperature 
variation for more compressible metals, such as aluminum and lead, 
is closely linear, relatively to that of iron, since any deviation from 
linearity would presumably be greater in the case of these than for 
iron, and would show up in a residual curvature. The smallness of 
such effects leads the authors to believe that the values taken for iron 
are not in error by more than 1% at 300°; this is of the same order 
as the experimenta! error in most cases. When the relative measure- 
ments become more precise, it may become necessary to investigate 
the compressibility of the reference metal at high temperatures. 

In conclusion, it may be said that this paper opens more questions 
than it solves. It is highly desirable to push the measurements on 
the glasses to the maximum temperatures that can be used, to use a 
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greater number and variety of materials, and if possible to increase 
the precision by using specimens of greater length. Every increase 
of the size of the specimen augments the already considerable size of 
the apparatus and the labor of assembling and manipulating it; it also 
becomes more difficult to obtain satisfactory thermal conditions. None 
of these problems seems insuperable in the light of present experience. 

Many acknowledgments of assistance are due: to Professor R. A. 
Daly for supplying several of the specimens and for much encour- 
agement and advice; to Professor P. W. Bridgman for numerous indis- 
pensable suggestions and for a large amount of the equipment used; 
to the Harvard Engineering School for the use of the Dunbar Labora- 
tory; to the Jefferson Physical Laboratory for the use of its machine 
shop, and to Mr. H. J. Ames for the skillful construction of most of 
the apparatus and the preparation of the specimens; and especially 
to the Geological Society of America for substantial aid in defraying 
the cost of the experimental apparatus. 
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CONTENTS 
Page 
INTRODUCTION 


The correlation of bentonite beds which are found in the Echino- 
spherites and Nidulites members of the Chambersburg limestone, be- 
tween Chambersburg, Pennsylvania, and Martinsburg, West Virginia, 
is the result of field work done in 1932 and 1933. The authors worked 
the sections individually, and then jointly studied the area in order 
to check the results obtained. 


DISTRIBUTION 


It is believed that four beds of bentonite in this district can be cor- 
related over a distance of approximately 36 miles along the strike. 
The sections studied are as follows (Fig. 1): (1) one mile north of 
Marion, Pennsylvania; (2) two miles southwest of Marion, Pennsyl- 
vania;? (3) Wilson, Maryland; (4) Pinesburg Station, Maryland; 
(5) Falling Waters, West Virginia; (6) Bedington, West Virginia; (7) 
quarry of the North American Cement Corporation, three miles north 
of Martinsburg, West Virginia; (8) near bridge over Opequon Creek, 
half a mile south of Blairton, West Virginia; and (9) along Highway 9 
at southeast edge of Martinsburg, West Virginia. 


* Manuscript received by the Secretary of the Geological Society, September 24, 1934. 

1The senior author received financial assistance in this work from the Institute of Research 
of Lehigh University. 

2R. S. Bassler: The Cambrian and Ordovician deposits of Maryland, Md. Geol. Surv. (1919) 
p. 146. 
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The diagram (Fig. 2) shows the various sections studied and the 
correlation of the bentonite beds. 


DESCRIPTION 


The lowest bed, from one to two inches in thickness, lies about forty 
feet above the base of the Echinospherites beds of the Chambersburg 
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Ficure 1.—Indez map showing location of Chambersburg bentonite outcrops 


Localities: (1) North of Marion, Pennsylvania; (2) Southwest of Marion; (3) Wilson, Mary- 
land; (4) Pinesburg Station, Maryland; (5) Falling Waters, West Virginia; (6) Bedington, West 
Virginia; (7) North of Martinsburg, West Virginia; (8) Opequon Creek, West Virginia; (9) 
Martinsburg, West Virginia. 


limestone and has been found in five of the nine sections. In three of 
these five sections this bed is immediately underlain by strata which 
are filled with the cystid Echinospherites, and overlain by a bed carry- 
ing abundant fragments of a large Asaphid. At the section three miles 
north of Martinsburg this lower bed has two thin members between 
which Echinospherites has been found. 

The second bed, which was observed in six of the sections, is in the 
Nidulites member of the Chambersburg. It varies in thickness from 
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three to seven inches because of folding, and is of particular interest 
because of the partial or complete replacement of the bentonite by cal- 
cite. Many plates of slickensided calcite are found interlaminated with 
this bed, and at the section one mile north of Marion the entire bed has 
been replaced by calcite. As this calcite bed is found in the correct 
stratigraphic position in this section, as there are no other beds of pure 
calcite, and as other sections show varying amounts of replacement 
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Figure 2.—Correlation chart of four bentonite beds in the lower Chambersburg formation 


within this bentonite bed, there seems to be no doubt as to its identity 
in this section. 

The third bed is the thickest in the region, measuring up to four feet 
in thickness; it is composed of two members, each approximately two 
feet thick. The lower member is a normal bentonite, but the upper por- 
tion is dense, massive, and highly indurated. It looks as if it contained 
considerable sand, and when studied under the binocular microscope 
shows many flakes of hexagonal biotite. The massive appearance and 
blocky fracture of this upper member are not characteristic of benton- 
ite. Its peculiar lithology, which is entirely different from anything 
else seen in the area, has been observed in six localities. It is by far the 
easiest bed to trace throughout the region. 

The upper, or fourth, bed is thin and has been discovered in three of 
the more northerly sections. It is one to two inches thick and lies about 
the same distance above the next lower bentonite bed. 
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CORRELATION 


It will be noticed that there is not a single section in which all the 
beds have been found. In each case either the first or the third bed 
has been found, and as these two beds are the most easily identified they 
are satisfactory key horizons. The others were found at approximately 
constant intervals above or below these key beds. By plotting the sec- 
tions as measured, it becomes evident that there are four beds rep- 
resented in the area. 

Sections must be particularly favorable in order that all the benton- 
ites may be seen. Such sections are found in few localities as most 
sections are either too short, stratigraphically, or have been badly 
weathered. Those sections available are chiefly in road or railroad cuts 
and are usually more or less covered with debris. It is too much to 
expect perfect sections, and it is, therefore, necessary to reconstruct the 
series of beds from several different localities. 

Inasmuch as both faunal and lithologic evidence have been used in 
establishing the key beds, and as the other beds fall into their proper 
stratigraphic position, it is believed that the series has been correctly 
established for this area.® 

Some of these beds are believed to extend farther to the north and 
the south. Several thin bentonite beds, at or near the base of the 
Chambersburg, have been reported in the Tumbling Run, Virginia,‘ 
section. Whether these are the beds described above is unknown; the 
information available at the present time does not justify attempting 
to carry the correlation outside the area chosen for this study. Addi- 
tional work on the bentonites of the eastern Ordovician is being done 
by the authors, and it is hoped that this work will justify extending the 
limits of the area in which these beds are known. 


3L. Whitcomb: Correlation by Ordovician bentonite, Jour. Geol., vol. 40, no. 6 (1932) p. 522- 
526. Gives methods for correlating bentonite beds. 

* Charles Butts, G. W. Stose, and A. I. Jonas: Southern appalachian region, 16th Int. Geol. 
Cong., Guidebook 3 (1933) p. 44. R. R. Rosenkrans: Bentonite in northern Virginia, Jour. Wash. 
Acad. Sci., vol. 23, no. 9 (1933) p. 416. 
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(Read before the Geological Society, December 28, 1934) 


CONTENTS 
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INTRODUCTION 


A fairly recent publication, entitled “Origin of Limestone Caverns,” 
by Davis? and a subsequent paper under the same title by Swinnerton,? 
present valuable and interesting contributions on the subject. These 
authors have searched the literature, and out of their own information 
and experiences have added extensively to the knowledge of caverns. 
The paper by Davis is especially comprehensive and contains an excel- 
lent bibliography. However, in reference to certain hypotheses, these 
writers differ materially, and each of them has invited others to join in 
the discussion from their own observations. 

It is not the purpose of the present paper to review here, nor consider 
fully, all phases of the origin and development of caverns; in many 
respects of detail the papers above cited are authoritative, and dupli- 
cation of information would not be appropriate. Nor does the writer 


* Manuscript received by the Secretary of the Society, November 26, 1934. 
1W. M. Davis: Origin of limestone caverns, Geol. Soc. Am., Bull., vol. 41 (1930) p. 475-628. 
2 A. C. Swinnerton: Origin of limestone caverns, Geol. Soc. Am., Bull., vol. 43 (1932) p. 663-693. 
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wish to convey the idea that all caverns in limestone have originated 
in the manner hereinafter set forth. There are various types; for 
example, the crystal cavern presents unusual conditions wherein crys- 
tals of calcite and other minerals have grown in solution-filled spaces 
similar to geodes. Many small caverns result in one way or another, 
and even the origin of certain ore deposits is involved. 

Rather it is the object of this paper to discuss some features of the 
origin of large caverns that seem not to have been considered hereto- 
fore. The writer for many years had experience in exploring caverns 
in the Mississippian limestone region of Kentucky, and in studying 
the structural conditions with which they are associated; and the fact 
that he is familiar with structural and subsurface conditions where 
limestone formations are penetrated in the oil and gas fields, leads him 
to believe that in the origin and enlargement of caverns there are cir- 
cumstances and relationships that deserve full description. A study 
of sub-surface streams, together with a personal comparison of Mam- 
moth Cave in Kentucky with Carlsbad Cavern in New Mexico, has 
served to further this conviction. 


CAVERNS IN RELATION TO STRUCTURE AND DRAINAGE 


Large caverns ordinarily occur in fairly thick terranes of limestone 
that lie on the flanks of sizeable structures and uplifts. The strata 
often dip into regional basins, or, in some instances, from the outcrop 
toward and beneath the sea. The degree of this dip varies from steep 
angles on the sides of mountains or intense folds to low angles of twenty 
to fifty feet per mile on the sides of basins. At places the normal dip 
is altered by local folds and faults. Perfect horizontality is a rare 
exception and is usually confined to the very bottoms of regional basins. 

In regions of steeply folded structure, the strata often slope at a 
greater degree than does the contour of the surface. The Appalachian 
Valley is made up of anticlines and synclines which parallel one another 
as a result of thrusting; here the dip is frequently 45 degrees and varies 
from amounts below that up to vertical. Limestone caverns, some of 
which are widely known for their interest and beauty, occur in this area. 
McGill*® has described their type in considerable detail. They lie 
along the strike of steeply tilted beds and are apparently controlled to a 
large extent by jointing. These caverns are not so large as some where 
the dip is less steep; it is to the latter type that the present discussion 
is particularly directed. 


8 William M. McGill: Caverns of Virginia, Va. Geol. Surv., Bull. 35, Educational Series, No. 1 
(1933). 
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Where strata decline at a low angle, the long dimension of limestone 
caverns, when viewed on the horizontal plane, is ordinarily in the 
direction of the dip; this fact indicates that for one reason or another 
water which dissolved the limestone followed the general direction of 
the dip of the strata to produce the caverns. Under these conditions, 
where there are underground streams, they flow, in general direction, 
with the dipping strata; more rarely, for short distances with the strike 
but probably in no case for any appreciable distance in the direction 
of the rise of the beds. For example, assuming that the strata dip 
gently eastward; surface streams may flow westward across this dip, 
but subterranean streams will be found to course in an easterly direc- 
tion. Moreover, sub-surface streams will emerge at points where major 
surface drainage lies at a lower level in the columnar section or else 
rise as springs beneath some surface stream, possibly beneath the sea, 
as in the case of fresh-water springs off the Florida coast. Subsurface 
streams follow caverns which they themselves produced, for the two 
are cogenetic. This relationship of subterranean streams and their 
caverns to low structural dip has probably only enough exceptions to 
prove the rule. 

In the typical case, the sizeable limestone cavern lies above the level 
of major drainage, and usually some river or canyon floor near it lies 
at a level equal to, or lower than, its lowermost levels. In cases where 
limestone strata containing a cavern dip across a river or valley in the 
vicinity, the cavern lies on the up-dip side of the valley and not on the 
down-dip side. In other words, limestone caverns in this instance are 
found in the salient that extends up-dip and above major surface drain- 
age, as illustrated and explained in Figure 1. 

There are many such caverns and streams in the vast area where 
beds of limestone crop out around the Cincinnati Arch and the Ozark 
Uplift; they are common to the Ordovician and Mississippian lime- 
stone formations of Indiana, Kentucky, Missouri, and other States of 
the Mississippi Valley. Many of these streams travel comparatively 
long distances through limestone in relatively small caverns that mean- 
der with their contained streams. 

Such relationships raise the question as to how subterranean streams 
find their original courses through limestone strata in a down-dip direc- 
tion. How do these sub-surface water-courses establish themselves? 
Such caverns are small in cross-section but of great linear extent. They 
lie near drainage level in areas of low relief and evidently are caverns 
in the stage of youth; it would seem that their origin is indicative of the 
true genesis of many larger and maturer caverns. The writer advances 
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the explanation that their origin is dependent on the tapping of static 
water-zones in the process of base-levelling. 


POROUS WATER-ZONES IN LIMESTONE STRATA 


In drilling wells for fresh water or in search of oil and gas, it is com- 
mon knowledge that in the strata which compose limestone formations 
there are beds of porous limestone, dolomite, or open bedding-planes 
that carry water under hydrostatic pressure. Under deep cover these 
beds commonly hold connate salt-water, and at shallower depths are 
usually filled with fresh water; frequently, sulphur water is so found. 
These zones often lie at very shallow depths and crop out at the sur- 
face. They must be seriously considered in the origin of subterranean 
drainage courses, either perennial or intermittent, and in the develop- 
ment of large limestone caverns. 

Here the reader is referred to Figure 1. The illustrations in numerical 
sequence serve to show how a major cavern originates and develops as 
the result of a drainage valley that cuts down through aquifers, where 
such beds dip from their outcrop to the valley. Section 1 is a pre-cavern 
stage (insofar as large caverns are concerned) wherein the zones of 
water remain static because they are sealed by impervious strata and 
the valley has not cut sufficiently deep to drain the beds. In sec- 
tion 2, the top bed (A-B), has been tapped, and circulation has been 
established through the segment that extends to the right, from the 
valley to the outcrop; from the valley to the left, down dip, water 
remains static for the reason that the bed descends into a basin below 
all surface drainage. The drawings, followed down in regular order, 
attempt to be self-explanatory in showing the further development 
of a major limestone cavern under such structural and physiographic 
conditions. 

After the first water-zone is drained of its static water, ground water 
and meteoric water (from rains and surface drainage along the out- 
crop) begin to follow through this zone and downward along joints. 
The movement of such water is naturally retarded at the beginning, 
and it will first issue in the form of seepages and small springs at the 
outlet; but solution and corrasion of the limestone ensue at a rate, 
depending on the acidity of the vadose (mobile) waters circulating 
through this particular zone, until finally a subterranean water-course 
is established through it in the form of an initial cavern. Pre-existing 
surface streams are often captured through this outlet, as referred to 
later in the discussion of subterranean drainage. Water, sinking along 
joints above such a cavern, begins to find a ready outlet below, so that 
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PRE-CAVERN STAGE 


BEDS A-B AND ARE POROUS 
ZONES CARRYING WATER UNDER HYORO- 
STATIC PRESSURE. 


SECTION 


Ss 


GROUND WATER BEGINS CIRCULATING 
FROM POINT 8 TO VALLEY THUS PRO- 
DUCING CAVERN IN TOP ZONE. 

SINKS ILLUSTRATE CIRCULATION ALONG 
JOINTS FROM SURFACE. 

FROM POINT 8 TO VALLEY MAY BE 
AN UNDERGROUND STREAM OR INTER- 
SECTION 2 M/TTENT DRAINAGE. 
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FROM POINT 0 TO VALLEY THUS PRO 
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Seah TOP ZONE ENLARGES AND VERTICAL 
PIRACY 1$ ESTABLISHED ALONG JOINTS 
TO LOWER CAVERN WHERE WATER 
FINDS EXIT. 
SECTION 3 


CAVERN MATURES. 
DIMENSIONS ONLY ROUGHLY PARALLEL 
BEDDING PLANES. 
ORIPSTONE REACHES . INTENSE 
VELOPMENT IN UPPER LEVELS. 
‘s CAVERN MAY OR MAY NOT CONTAIN 
SECTION PERENNIAL STREAM. 


Ficure 1.—Sketch sections illustrating origin and development of a large 
limestone cavern 
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sink-holes are developed, and the rate of growth of the cavern is thus 
increased. When some lower zone is tapped by the main surface stream 
to repeat the performance of the higher level, vertical piracy occurs 
along intersecting joints, with the result that water in the top portion 
of the cavern finds its outlet through lower levels. 

It will be observed that the writer has referred to static and porous 
water-zones in limestone formations without a description of the exact 
nature of these zones. The term zone is used in its broad significance 
to cover any stratum that acts as a water-carrier bed, or group of such 
strata. In most cases, the aquifer is porous limestone or dolomite. It 
may, however, consist of open spaces along bedding-planes of lime- 
stone; or a sandstone bed intercalated in limestone strata might serve 
as the original circulating medium until solution acts on the adjacent 
calcareous beds. 


SUBTERRANEAN DRAINAGE AND SINKS 


Reference has been made in preceding paragraphs to the effect of 
jointing in relation to sinks both outside and within a cavern. The 
development of sub-surface streams in the water-carrier beds has been 
described, but some illustrations of these features may clarify the 
description. 

In southern Hardin County, Kentucky, “The Dry Branch” serves 
as a good example of the initial stage in the formation of caverns. This 
water course is in the form of a perennial stream that flows in a nar- 
row, meandering cavern in the St. Louis limestone. With its source 
near the Larue County border in the vicinity of Sonora, it flows under- 
ground in a westerly direction for a distance of approximately seven 
miles to its emergence into Nolin River above White Mills; here it 
issues in the form of an immense spring. 

The sub-surface Dry Branch stream is so large that at one point 
where it emerges at the side of a local topographic basin and flows over 
a small fall and thence into the continuation of the cavern, it has been 
used to run a corn mill. Throughout the year it probably averages 
10 feet in width and one foot in depth, near its ultimate outlet. The 
direction of flow is down-dip in strata that descend from the Cincinnati 
Arch into the Western Kentucky Coal Basin. At various places along 
Dry Branch cavern, large funnel-shaped basins on the surface conduct 
rain water downward through sink-holes. Occasionally these sinks are 
so enlarged that one may walk into them and follow the cavern for 
long distances. Only in periods of excessive rainfall is the cavern 
entirely filled with water. The walls, roof, and floor consist of massive 
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beds of solid limestone with some porous partings along bedding-planes 
through which water originally percolated to establish its underground 
channel. Water wells in the limestone of this vicinity encounter run- 
ning water in minor caverns at nearly the same level as the main 
underground stream. The sub-surface stream has its branches and 
water-shed similar to a surface stream. During a period of excessive 
and continuous rain, the cavern becomes entirely filled with water and 
is unable to carry the run-off completely. At such times, the sinks or 
basins on the surface along the course of Dry Branch fill with water 
that rises from the stream below because the water-filled cavern is 
under hydraulic head. A local basin along the headwaters of the 
branch will fill first and then run over into the next basin downstream, 
and so on until the stream is flowing along the vestiges of its original 
surface course. Ordinarily, Dry Branch contains no surface flow of 
water. Among residents of the vicinity a common remark in times 
of excessive rain is: “The Dry Branch is coming up.” But the stream 
has flowed so long through its cavern, and erosion has so changed the 
karst topography, that the surface alignment of the ancestral stream 
has become quite obscure. There are many caverns in the region, 
such as the one mentioned, and not far away is the Mammoth Cave 
in Edmonson County. 

The writer believes the Dry Branch above mentioned is typical of 
the initial stage of cavern growth as shown in Section 2 of Figure 1. 
In these sections, the profile and dip of the strata are greatly exag- 
gerated for the purpose of condensing the drawings; the actual dip 
need be only enough to start the circulation of water by gravity. In 
the case mentioned, the dip of the strata is approximately fifty feet 
per mile; the stream runs component to the direct dip at a lesser rate 
of fall, approximately twenty feet per mile. Throughout the seven- 
mile course of Dry Branch, the stream and its cavern follow down 
the bedding-planes and remain confined to a zone of limestone strata 
which probably does not exceed fifty feet in thickness. At places, the 
stream has undercut its side wall and has been shifted laterally in the 
bedding so that it is now cutting a new and deeper channel which is 
asymmetrical with the older one. The air in the cavern is highly humid 
as a result of the closely confined stream, so that evaporation has been 
slight. Dripstone has not been produced in quantity; chiefly excava- 
tion is in process there. Stalactites, stalagmites, and pillars are seldom 
found, but at one point the cavern passes an outlier of high topography 
known as “Silver Mine Knob,” where Mississippian limestone beds 
rise to a height of 150 feet or more above its level. On the side of this 
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knob, there is a steep cavern that descends along joints to horizontal 
drainage level of Dry Branch cavern, and in its enlarged rooms are the 
various types of dripstone, some of which are still growing from seep- 
age water. 

Farther west in the basin, where the limestone beds of the Dry Branch 
Cavern descend below all surface drainage, connate-water zones are 
found in wells drilled in exploration for oil and gas. In the vicinity 
of Leitchfield in Grayson County, about 12 miles down-dip from the 
outlet of the Dry Branch cavern stream, sulphur water is encountered 
in porous limestone at approximately this horizon. The elevation above 
tidewater along the Dry Branch cavern is about 700 feet. A well 
drilled on the Ella Lewis farm, 2 miles west of Leitchfield,* has an ele- 
vation of 700 feet. In the Mississippian limestone at 718 feet, or 18 
feet below sea level, this well penetrated 48 feet of limestone that con- 
tains sulphur water. It also had a water-carrying bed in limestone from 
454 to 495 feet, probably fresh water. This latter horizon is 234 feet 
below the base of the Big Clifty (Cypress) sandstone, which is near 
the horizon of Dry Branch cavern in the St. Louis limestone, although 
it is possible that divergence more nearly correlates it with the sul- 
phur-water zone. At any rate, these deep aquifers are in the same 
general terrane of limestone beds which crop out in Hardin County, 
and also in the Mammoth Cave district. As the Mississippian limestone 
descends into the West Kentucky Basin from the Cincinnati Arch, 
water in the aquifers shows a transition from fresh water at depths 
of about 400 feet or more to sulphur water which continues down-dip 
to depths of 2,000 feet or more. It is probable that at greater depths 
in the interior of the basin, salt water takes the place of sulphur water 
in similar relationship to the occurrence of waters in the Ordovician 
of Oklahoma. 

The conclusion of the writer that Dry Branch is a sample of a large 
cavern in the making, coincides with the view taken by Mallott® in 
respect to Lost River in southern Indiana. The two streams and cav- 
erns are similar in form as well as in their structural and stratigraphic 
relationships. 

DRAINAGE PIRACY IN CAVERNS 


Caverns of large size, having considerable vertical extent across 
limestone strata as well as horizontal extent along the bedding, show 
the results of cross-formational piracy. As the cavern descended in 
the strata pari passu with the down-cutting of a main surface stream 


#W. R. Jillson: Oil and gas in western Kentucky, Ky. Geol. Survey, Bull. (1930) p. 143. 
5C. A. Mallott: Three Cavern Pictures, Ind. Acad. Sci., Pr., vol. 38 (1929) p. 201-206. 
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near it, the stream channels in the upper levels of the cavern were 
tapped from below. Thus, a series of abandonments of the old course 
have resulted, one being succeeded by the next below. They usually 
run at divergent angles, thus leading to complexity in the series of ave- 
nues and galleries that cut across one another at varying levels. 

The relationship of porous strata and open bedding-planes to the 
jointing, which results in the establishment of galleries and their sub- 
sequent piracy, is shown in Figure 1. Open joints are first drained of 
their water by circulation along the bedding below. In time, the water 
of the overlying cavern, whether a perennial stream or intermittent, is 
captured by a lower cavern stream and so on, resulting in complex 


development. 
DEVELOPMENT OF PITS AND DOMES 


In the pre-cavern stage of the cycle, joints are filled with ground 
water, which stands to a considerable extent in hydrostatic equilibrium 
relative to the free and abundant circulation above the water-table. 
But when underground streams are established below such joints, water 
travels more freely through them, and by both corrasion and solution 
they enlarge rapidly to form the sinks previously mentioned. The run- 
off of surface water during heavy rains passes with great momentum 
down the open sinks into the cavern. In some caverns, as in Mammoth 
Cave, there are places where such water falling directly into the cavern 
has produced a shaft-like opening that descends to some main gallery 
and continues on directly below as a deep pit to lower levels of the 
cavern; it cuts entirely through the upper and abandoned stream levels. 
In such cases the amount of corrasive work of falling water, containing 
more or less granular debris, has far exceeded its action of solubility. 
There are other examples of the formation of pits and domes wherein 
solution along joints has been the controlling factor; particularly so, 
between certain levels of the cavern. Unquestionably, both corrasion 
and solution are prominent processes in the development of limestone 
caverns; after free circulation is established, cavern growth is accel- 
erated by corrasion. Subterranean drainage does not differ materially 
from surface drainage in the solution and corrasion of limestone. The 
precipitation of dripstone in caverns and the varying directions in 
which ground water or meteoric water flows in the sub-surface is 
another matter. 

In the case of large domes above the main avenues of caverns, where 
no shaft is present that continues directly upward to a surface sink, 
there are special factors to be considered. In some instances, falling 
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of the roof has produced them, but in others, absence of fallen blocks 
and the smooth ceiling indicate that some other explanation is due. 
The writer believes that in some cases they are produced by differen- 
tial solubility of the roof material at points where surface water has 
entered the cavern along horizontal inlets. Water coming in from 
surface-sinks may shift to the side and enter the cavern near the roof 
or on the side walls in a zone of more porous and soluble strata and so 
produce a sizeable dome without a shaft directly above it, by expanding 
the cavern in the form of a chamber at the point of junction. Other 
examples of doming result from the enlargement of openings directly 
above galleries at points of water-fall. 


THE TWO-CYCLE AND THE ONE-CYCLE HYPOTHESES 


W. M. Davis advanced what he termed the two-cycle theory of the 
origin of large, limestone caverns. He proposed the hypothesis that 
caverns are ordinarily excavated by ground-water solution at depths 
below major surface drainage and below the water-table during the 
first cycle; that regional elevation or other effective cause then pro- 
duces the second cycle, wherein the cavern lies above the water-table 
and enters a period of depositional replenishment by the precipitation 
of calcium carbonate in the form of dripstone and flowstone. After 
caverns have been formed by ground water in the deep-lying beds in 
the first cycle, regional elevation or base-levelling permits them to 
be drained of their previous water-filling, then to be filled with air 
and made ready for deposition of dripstone by vadose or mobile waters 
entering from the surface. 

After having extensively reviewed the various theories of origin and 
development of caverns, Davis stated that caverns are generally 
attributed to the solutional and corrasive activities of sub-surface 
water above the water-table; also, that the excavation is usually held 
to have taken place since the region assumed its present altitude with 
respect to base level. This he termed the one-cycle theory. Swinnerton 
uses the term “vadose-water hypothesis” for the one-cycle idea and 
quotes Matson * as having made a clear presentation of this generally 
accepted theory. Swinnerton believes, from his observations of caverns 
in Bermuda and Kentucky, that the vadose-water hypothesis, with 
emphasis on the controlling factor of the water-table, is an adequate 
explanation of these caverns. He stresses “the quantitative adequacy 
of lateral water-table drainage.” He differs from Davis and states: 


®G. C. Matson: Water resources of the Blue Grass Region, Kentucky, U. S. Geol. Surv., W. 8. 
Pap. 233 (1909) p. 42-43. 
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“The development of large and integrated cavern systems appears to 
be best explained by near surface water which flows laterally in the 
fluctuating top of the water-table toward the principal surface streams.” 

Writers, including the present one, who are advocates of the one- 
cycle theory, seem not to be adverse to the idea that ground water has 
dissolved and removed some limestone at depths below the water-table, 
or at least beneath major surface drainage. It is believed that this 
is a slightly active process but far less in its results than Davis advo- 
cated. The writer is also of the opinion that the vadose-water theory, 
as modified and stressed by Swinnerton, is in considerable measure 
correct. But both authors are attempting to explain unusually large 
caverns, and the writer believes that the static water-zone theory 
herein discussed is of more significance in this respect than either of 
the two divergent views above mentioned. The chief difficulty one 
encounters in the acceptance of the vadose-water theory in the form 
in which it has been presented, and in the two-cycle theory, is that 
both of them lay down premises that are too universal in their appli- 
cation. They do not present circumstances that are sufficiently unique 
to explain the rare occurrences of large caverns such as Carlsbad Cav- 
ern and Mammoth Cave. 

Under the one-cycle theory, the processes are of such general appli- 
cation in the relation of ground-water to limestone formations that the 
occurrence of large caverns should be the rule rather than the excep- 
tion. They should have been produced at any and all horizons of lime- 
stone beds, regardless of the carrier beds or aquifers. The writer 
believes that simple forms of solution channels are generally so pro- 
duced. However, the circumstances for the origin and development of 
immense caverns with integrated sub-surface drainage systems, vertical 
and horizontal passages, together with adequate causes of excavation 
and replenishment, point to exceptional factors that the one-cycle theory 
alone does not include. In this respect, he agrees with Davis. 

Under the two-cycle theory, the occurrence of connate or static water- 
zones might be made applicable to the stratigraphic control of caverns, 
and, to this extent, caverns would be somewhat restricted in occurrence, 
due to the limited presence of such zones. But the excavation of cav- 
erns beneath the water-table would be of general application; and, 
therefore, the common presence of large caverns now existing beneath 
the water-table should be the rule. If the two-cycle theory were true, 
caverns would be frequently discovered in wells drilled below the water- 
table. In wells that penetrate below the water-table in limestone beds, 
such caverns would be encountered and plainly noted by the driller 
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when the drilling tools fell into the open spaces. For more than twenty 
years, the writer has observed drilling that has penetrated limestone 
beneath the water-table in many wells over the United States and has 
inspected drillers’ logs and reports of such wells. Caverns are fre- 
quently encountered in drilling, but in every case known in his per- 
sonal experience, or from authority, they have been at levels above 
the water-table. Moreover, such wells frequently encounter aquifers 
that hold fresh water, sulphur water, or salt water under hydrostatic 
pressure. These carrier beds of porous limestone, dolomite, or open 
bedding-planes are capped by more or less impervious strata, so that 
water flows freely into the wells until it rises with sufficient head to 
reach equilibrium or makes artesian flow. Such occurrences of water 
indicate that there has been little free circulation in strata below the 
water-table to remove dissolved rock extensively. The occurrence of 
fresh water to considerable depths in aquifers down-dip may frequently 
be due to regional uplift that causes a recession of salt water by 
adjustment of its head, so that fresh water replaces it from the outcrop. 
In such case, ground water descends below the general water-table and 
becomes static. 

In the case of unconformities at the upper contact of limestone forma- 
tions that signify a period of time during which such limestone was 
at the surface, caverns would, of course, not be unexpected, though 
they are now found beneath the fresh water-table or even below salt 
water. Some caverns, due to regional subsidence, may lie at a reason- 
ably low datum along a coast and carry sub-surface streams of fresh 
water that emerge under head pressure beneath the sea, as in Florida. 

It might be claimed that the occurrence of large caverns would be 
the rule under the static water-zone theory in as great a degree as 
would be the case in the customary one-cycle and the two-cycle theo- 
ries. However, the restriction to exceptional conditions consist not 
only of the small percentage of porous water-zones in limestone strata, 
but also to fortuitous circumstances in connection with portions of their 
outcrop in relation to surface drainage. Large caverns are confined 
to segments or salients of limestone on the up-dip sides of major drain- 
age where the dip is crosswise to some valley and where there is con- 
siderable relief. Then again, the occurrence locally of more than one 
porous stratum, or bedding-plane, with considerable separation between 
them, is required to bring about vertical piracy and the complex 
arrangement of galleries that ultimately result. Moreover, it is prob- 
able that the initial stage of large caverns is due to the original capture 
of some surface stream that lay in suitable topographic and structural 
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relationship to the outcropping zone. Dry Branch in Kentucky and 
Lost River in Indiana have been cited as examples of this phase. Where 
all the above factors harmonize in a particular locality, the foundation 
is laid for the production of a large cavern; therefore, its rare occur- 
rence rests on a basis of multiple coincidence; it involves physiography, 
stratigraphy, lithology, and structure. 


COMPARISON OF MAMMOTH CAVE AND CARLSBAD CAVERN 


Space will not be consumed for elaborate comparison of Mammoth 
Cave and Carlsbad Cavern. There are, however, certain features to 
be pointed out, in line with the subject under discussion. Both caverns 
are situated in thick terranes of limestone and have their main dimen- 
sions elongated in the direction of the dipping strata. Mammoth Cave 
is on the east side of the Green River valley, where Mississippian lime- 
stone descends westward toward the valley. Carlsbad Cavern is on 
the west side of the Pecos River, where Permian limestone descends 
eastward toward its valley. In each case, the rate of dip is about 50 
feet per mile. Both caverns are in highland areas where their vertical 
dimensions lie above the level of major drainage. Figure 1 may be 
applied to either of them. In the lowermost level of Mammoth Cave, 
there is a perennial stream known as Echo River, which flows out 
to join Green River at stream level. There is every reason to believe 
that the main upper winding and continuous galleries of the cavern, 
occurring at different levels and oriented in different directions, due to 
piracy, are the ancestral courses of this living stream. There are five 
distinct, major levels in Mammoth Cave. 

Echo River is plainly still extending Mammoth Cave and keeping 
pace with the down-cutting of Green River. In the upper levels, where 
the air is relatively dry and circulating, seepage-water from the surface, 
carrying calcium carbonate, is at places still replenishing the cavern 
with cave onyx or dripstone. All the factors of excavation and replen- 
ishment are constantly working but in different portions of this great 
cavern. Undoubtedly, if Davis had been personally familiar with the 
processes continuously at work in Mammoth Cave, he would not have 
seen the necessity of his two-cycle hypothesis. Somehow he got the 
idea that excavation and replenishment require two periods of time 
in the life history of a cavern, but the two go on simultaneously in 
separate levels. This feature of the argument is not in the realm of 
theory; it is a self-evident fact in active, growing caverns. During and 
following a time of rainfall, both excavation and replenishment are 
intensified in Mammoth Cave; the volume of water flowing into and 
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through Echo River increases while solution and seepage deposition 
is more active in the upper levels. 

At Mammoth Cave, the old entrance is at a point where the ancestral 
Echo River formerly had its exit to Green River. This main entrance 
is comparable to point K in Sections 3 and 4 of Figure 1. At Carlsbad 
Cavern, the main entrance is at a place of original water-intake that 
corresponds to point B of the illustrations. In Carlsbad Cavern, no 
perennially flowing stream has yet been found. This fact implies that 
climate is significant, and its influence will be discussed under a separate 
heading. 

In the Capitan Limestone (Permian) in which Carlsbad Cavern is 
excavated, there are beds of porous dolomite that alternate with lime- 
stone; dolomite beds can be observed at the entrance and in lower 
levels. Deep well-drilling in adjoining areas has demonstrated that 
dolomite is an excellent water-carrier as well as a medium through which 
oil and gas accumulate. The Artesia oil field, along the east side of 
the Pecos River, has its oil content in dolomite beds of the Permian. 
Other oil fields in southeastern New Mexico and western Texas have 
a similar occurrence, and in these dolomite beds an abundance of brack- 
ish water occurs under hydrostatic pressure. Along Pecos River, arte- 
sian fresh water flows from shallow wells in the Permian limestone. 
These aquifers, when tapped by drainage streams, lose the original 
water that preserved their porosity, and are ideal media for free move- 
ment of ground water through them to initiate caverns. 

In Mammoth Cave and other caverns of that region, dolomite is 
not the controlling factor, but the strata vary from dense, hard lime- 
stone beds to softer and more porous ones. The fact that ground-water 
has traversed the bedding-planes is evident in observing the solution 
channels; at unweathered points where solution has not removed the 
rock, one can frequently observe soft, porous, marl-like layers as part- 
ings between the massive beds. It is believed that these partings have 
remained porous due to their having held connate and fresh water 
through the long period of consolidation and cementation from the 
time of their deposition until they were drained by regional uplift and 
base-levelling. While these carrier zones are not so thick as the ones 
in Carlsbad, they accomplish the same results in cavern-making. 

The elevation of Green River near the Mammoth Cave is approxi- 
mately 470 feet above sea level, and the main upper levels of the cavern 
lie at approximately 700 feet; drainage-sinks rise to 800 feet or the 
approximate level of the surrounding plateau. Thus, the vertical 
dimension of the cavern and its drainage is limited to an interval of 
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about 330 feet. In its horizontal extent, it probably equals or exceeds 
Carlsbad Cavern, but in the vertical it is much more limited. The 
elevation of the Pecos River valley at Carlsbad is approximately 3,000 
feet above sea level, and the upper levels of the cavern lie at 4,400 feet. 
This leaves an interval of about 1,400 feet for cavern-making above 
the main drainage level. The so-called “Big Room” in the cavern 
is 750 feet below the entrance, and other levels continue below; explora- 
tions are still being made to ascertain its lowermost depths. It is 
reported? that a depth has been reached below the surface of 1,350 
feet, where a dry stream bed has been discovered. Its connections and 
outlet are apparently undetermined. In any case, there is some out- 
let or series of outlets through which the enormous amount of removed 
limestone found its exit. Near the cavern are canyons with depths 
nearly equal to its main vertical dimension, and it is probable that 
many original exits are now largely concealed by collapsed roofs and 
slope talus. 

In Mammoth Cave, the development of dripstone deposits is confined 
to the higher and drier portion of the cavern; in the damp lower levels 
along Echo River, only excavation is in process. In Carlsbad Cavern, 
dripstone is common in all levels open to present public observation. 
This cavern is much drier throughout than Mammoth Cave. 


CLIMATIC CONDITIONS AND CAVERN GROWTH 


The rapidity of cavern growth and variations in chronological devel- 
opment of caverns depend, to a large degree, on climate. Since ground 
water has the two primary functions of corrasion and solution, its 
quantity and concentration at any given time are essential factors in 
the removal of limestone. The rate of rainfall not only varies geo- 
graphically over the world, but it has varied greatly during geologic 
time. 

In limestone caverns that are now situated in an arid region, the 
processes and results of ground water activity are of slow degree or 
even essentially stopped; but in an area of considerable rainfall, they 
are of great potency. The Mammoth Cave and the Carlsbad Cavern, 
for example, represent two contrasting types with respect to present 
climate; one is a cavern in active growth, and the other is one of 
maturity, reflecting the desert which surrounds it. Carlsbad probably 
contains in its lowermost level, the channel, now dry, of a stream which 
was quite active throughout a long period until recent geologic time. 

In regions now very arid, the physiographic record presents abun- 
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dant evidence of former climatic conditions quite the reverse. This is 
plainly evident in New Mexico. Not so long ago in geologic time, 
continental glaciation existed in what is now the temperate zone; at 
this time, rainfall was naturally excessive in the borderland areas and 
must have effected the development of caverns throughout a broad 
latitude. In the Rocky Mountain region and over the Basin Range 
country to the southward, the periods of glaciation and the initiation 
of Recent time following the Pleistocene Epoch must have been times 
of great humidity and rainfall. From the beginning of Pleistocene 
time, until the present age, most of the present topography has been 
formed, as vividly made clear by Ashley.* There is little doubt that 
many of the world’s caverns have been developed during this time. 


AGE OF CAVERNS AND DRIPSTONE DEPOSITS 


In some cases, stalactites and stalagmites in the topmost levels of 
a cavern may approximate the age of the cavern itself, having been 
produced in a stage of its youth; others are younger. Their beginnings 
may spread over nearly all periods of the cavern’s history. In many 
instances they are still growing, and new ones are being formed as the 
years advance. Hence they are not dependable in determining the 
age of acavern. The rate at which dripstone forms is a variable factor, 
due to changing circumstances; it depends on the amount of seepage 
water, the quantity of carbonate in solution, and the rate of its precipi- 
tation. It is a common practice to attempt to fix the age of dripstone 
by the rate at which it forms, but this is plainly a valueless calcula- 
tion. It invariably results in fixing the age of a stalactite or stalagmite 
in proportion to its size; the largest will be the oldest and the smallest 
the youngest. For example, in Carlsbad Cavern at the present time, 
the management maintains a large sign on an immense stalagmite, 
stating that it is estimated to have an age of 60 million years. Guides 
give the information that the calculation is based on the rate of so 
many cubic inches per year at which such dripstone formed. The writer 
believes that such signs should be removed by the National Park Serv- 
ice as being misleading to the public. Evidence will be presented later 
to show a more reasonable calculation that the age of Carlsbad Cav- 
ern itself does not pre-date Pleistocene time and is measured in terms 
of thousands, or in hundreds of thousands, and not in millions of years. 

Cross-sections of stalactites and stalagmites show a series of con- 
centric rings. These indicate that growth of the dripstone was periodi- 
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cally interrupted. The encircling boundaries of certain layers probably 
mark cycles of prolonged droughts, during which seepage water stopped. 
In such times, the surfaces solidified and changed color from exposure 
to the air. With a renewed cycle of precipitation, a new shell of crys- 
talline growth covered the former surface to produce a succeeding ring. 
So it is possible that a careful study of the structure of dripstone would 
show a correlation with the drought cycles as recorded in tree growth. 
In case these cycles have occurred at regular intervals, some system 
might be worked out in relation to the timber records, to run the time 
backward and thus estimate the age of dripstone. 

The age of Carlsbad Cavern may be determined by relating it to the 
age of the Pecos River valley and its subsidiary drainage. A recent 
paper by Blackwelder ® throws considerable light on the age of major 
drainage streams that course from the Rocky Mountains. He states: 
“The clearly readable physiographic history of the Colorado River 
valley begins with the Pleistocene period.” He declares that “its flood 
plains and excavated terraces are of recent and late Pleistocene date.” 
Thus, the Grand Canyon, which by early writers was given an age that 
necessarily ran into millions of years, has been shown definitely to 
be restricted to the Pleistocene. The writer’s familiarity with the high 
glacial terraces that occupy the valley of the San Juan River, causes 
him to accept Blackwelder’s conclusions without reservation. This 
main tributary of the Colorado River began with the Glacial Epoch. 
The same evidence applies to the river systems that run from the south- 
ern and eastern sides of the Rocky Mountains, including the Pecos, in 
the valley of which Carlsbad Cavern is situated. 

The evidence supports the conclusion of Ashley in its world-wide 
application to stream valleys and topography. He states that there is 
no doubt that valleys along the Ohio River in the Pittsburgh region 
have been deepened 200 to 300 feet since the upper Ohio was deflected 
from the Beaver Valley to its present course, possibly since the IlIli- 
noian glacial stage. He refers to the advance of that ice sheet as having 
been estimated at about 150,000 years ago. Green River in Kentucky 
is one of the main branches of the Ohio, and since its gorge is approxi- 
mately the same depth at Mammoth Cave as the valleys near Pitts- 
burgh, the figure of 150,000 years may correspond roughly to the age 
of Mammoth Cave. In the case of Carlsbad Cavern, it is believed 
that this period of time is sufficient to cover most of its history also. 
But using a wide margin, a period of one million years may be applied 
to cover the time since the beginning of the Glacial Epoch and thus 
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safely include the age of both caverns. Carlsbad is associated with 
drainage at a high altitude, where the rate of erosion during and imme- 
diately following the Glacial period was excessive, and great topo- 
graphic relief was accomplished. Probably a period consisting of the 
first few thousands of years during and succeeding the last retreat of 
glaciation was an active time of the cavern’s excavation; then, as 
the arid conditions of the desert country advanced, and the water run- 
off lessened, the processes of replenishment worked more rapidly than 
excavation; seepage water had more time to dissolve limestone, and the 
drier air was more suitable to precipitation. Replenishment is still 
slightly in process at places as a result of transient, ground-water seep- 
age in Carlsbad Cavern. 

Evidently, Lee *° did not concur in the great age assigned by some to 
dripstone in the cavern; he stated that in being the first person to view 
some stalactite, it seemed to say: “Behold me. In this basal darkness 
I have waited 10,000 years for one admiring glance.” These limestone 
caverns are younger in their lower levels, just as is true of the vertical 
descent of the neighboring valleys with which they are associated. 

In the Valley of Virginia, McGill states, in reference to the age 
of caverns, that they have doubtless been formed chiefly during the 
last erosion cycle, which has cut 200 to 300 feet below the valley-floor, 
or Shenandoah peneplane. Seemingly this restricts their main develop- 
ment to the Quaternary, even though in the area there are three higher 
peneplanes of Cretaceous and Tertiary age. 


EFFECT OF EARTHQUAKES IN CAVERNS 


The chief effect of a strong earthquake in large caverns is to cause 
a fall of the roof, just as in buildings it causes a fall of ceiling plaster. 
Limestone strata extended across the roofs of wide domes and galleries 
carry an enormous, suspended weight. Joints tend to weaken the hori- 
zontal supporting members even though they may be sealed with drip- 
stone. The cavern has been produced under relatively slow and quiet 
conditions, and so long as there is no shaking of the mass about them, 
the supports are competent. But if severe earth waves traverse across 
a cavern region, the roof collapses. 

One of the most impressive sights in the Big Room of Carlsbad 
Cavern is the tremendous fall of great blocks from the ceiling; at some 
points more than half of the original cavern space is filled with fallen 
rock. In observing this material one gets the impression that it all 


10 W. T. Lee: New discoveries in Carlsbad Cavern, Nat. Geog. Mag., vol. 84 (1925) p. 301-320. 
W. M. McGill: op. cit., p. 13. 
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came down at one time. The writer looked closely for signs of inter- 
mittent fall with variations in the degree of oxidation, relations to 
dripstone, and calcareous tufa, on and between the blocks of fallen 
rock. The seeming absence of such evidence convinced him that the 
big fall came suddenly and that it was a long time ago. The process 
of replenishment has gone on to some extent since the fall, as evidenced 
by dripstone on the present roof and accumulation of travertine on and 
among the blocks of fallen limestone. The fall seems to have taken 
place in the mid-history of the cavern. The time, while apparently 
subsequent to considerable dripstone formation, appears to pre-date 
later deposits before the cavern reached its present cycle of inactivity; 
probably before the cavern advanced to its lowermost levels. 

In Mammoth Cave there are evidences of similar falls of great quan- 
tities of roof material; at one point a gallery is practically filled with 
great blocks of limestone called “The Rocky Mountains.” If excava- 
tion alone caused these prominent accumulations of fallen rock, they 
should show more evidences of intermittent fall, piece by piece. But 
the observer gets the impression that there has been a particular time 
in portions of Carlsbad Cavern and the Mammoth Cave when the roof 
fell. Could it be that the two incidents coincide and mark the occur- 
rence of some pronounced and ancient quake of continental magnitude? 
Assuming this question answered in the affirmative, what supporting 
evidence is available in other caverns and over the earth’s surface 
throughout the valleys of the Mississippi and the Rio Grande? 


CONCLUSION 


Large caverns with their integrated systems, in both the horizontal 
and the vertical components, originate and develop in thick terranes 
of limestone above the water-table. Porous strata or open bedding- 
planes that have originally held free connate water, through regional 
uplift, base-levelling, and drainage are important factors in the process 
of cavern-making. These zones, in proper relation to drainage and 
structure, cause subterranean piracy of surface streams and create 
media for circulation of ground water in the early stages of caverns. 
As caverns descend through the strata in reasonable pace with the 
down-cutting of suface stream-valleys near them, cross-formational 
piracy accounts for much of the complicated network of galleries at 
various levels. Free intake of meteoric water through surface sinks 
accounts for pits and domes. Both solution and corrasion of water are 
working forces. Excavation and replenishment are accomplished on the 
one-cycle basis. Climate is an important factor in the development of 
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caverns, and climatic change may shift an actively forming cavern to a 
passive state. The age or dripstone is variable and determined only 
in broad relation to the age of that portion of the cavern which con- 
tains it. The age of a large cavern is directly related to the age of the 
surface drainage valley with which it is associated. The best way now 
known to determine the age of a cavern is to estimate from physio- 
graphic evidence the limiting age of the valley into which its waters 
now drain or have drained in the past. Disregarding caverns that lie 
beneath unconformities in the older strata, probably most of those asso- 
ciated with the present relief have been formed since the beginning of 
Pleistocene time. 

In conclusion, the writer propounds the query: If caverns that con- 
tained an abundance of dripstone were produced generally in pre- 
Pleistocene time, why has not Pleistocene erosion exposed more caverns 
and their travertine on the present surface? Furthermore, in referring 
to the two-cycle theory, if caverns were excavated at a time previous to 
regional elevation, why have not more valleys and canyons cut through 
them, with portions of their spaces exposed on opposite sides of such 
excavations? 

It would be interesting from a study of the structure, stratigraphy, 
and physiographic history of individual cases to determine how wide 
an application could be made of the principles herein discussed; espe- 
cially in respect to zones that formerly carried connate water, the 
dependent establishment of underground streams, the capture of sur- 
face streams, and cross-formational piracy within caverns. In any 
case, however, the writer believes that they apply definitely to two 
of the world’s outstanding examples; namely, Carlsbad Cavern and 
Mammoth Cave. 
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INTRODUCTION 


This paper is the concluding number of three articles on the Hamilton 
group of Pennsylvania, which the author has read at successive meet- 
ings of the Paleontological Society. In 1932 the first paper, prepared 
jointly with Arthur B. Cleaves,? was given. It covered the eastern 
part of the State from the Delaware Valley to the Susquehanna Valley 
and also included observations on, and correlations of, the Hamilton 
of the Green Pond Mountain region, New Jersey. In 1933 the author 
read the second article of the series,? which described the group in cen- 
tral Pennsylvania from the Susquehanna Valley west into Fulton and 
eastern Huntingdon counties. The present article covers the remain- 
ing portion of the State where rocks of Hamilton age are known at the 
surface. It will be necessary first to review previous observations be- 
fore taking up the new region. 


* Manuscript received by the Secretary of the Society, February 7, 1935. 

t Published with the permission of the State Geologist of Pennsylvania. 

1 Bradford Willard and Arthur B. Cleaves: Hamilton group of eastern Pennsylvania, Geol. Soc. 
Am., Bull., vol. 44 (1933) p. 757-782. 

2 Bradford Willard: Hamilton group of central Pennzylvania, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 195-224, 
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The four formations of the Hamilton group of eastern Pennsylvania 
are lithologically and paleontologically comparable to those of central 
New York. Several subdivisions occur, but only the formation names 
need be repeated: (1) Moscow, (2) Ludlowville, (3) Skaneateles, and 
(4) Marcellus. These four maintain their identity between the Sus- 


k NEW YORK 


NEW yor 


NEW JERSEY 


Ficure 1.—Sketch map showing distribution of the Hamilton group in Pennsylvania 


quehanna and Delaware valleys. However, in the most easterly sec- 
tions characters are obscured except for the Marcellus, which is the one 
formation of the group recognizable throughout the Hamilton in Penn- 
sylvania. In northern New Jersey most of the Hamilton passes over 
into the red Catskill continental facies. Along the Susquehanna Val- 
ley, local, lithologie changes largely obliterate formation boundaries. 
In central Pennsylvania the group is divided as follows: 


Mahantango formation 
Moscow faunal facies 
Ludlowville faunal facies Plus or minus Montebello sandstone mem- 
Skaneateles faunal facies ber and Knobsville red beds. 
Marcellus formation 
Mahanoy black shale member 
Mexico sandstone member 
Turkey Ridge sandstone member 
Shamokin black shale member 
Note: A thin limestone found in the midst of the Shamokin shale near Mexico, 
Juniata County, is not to be directly correlated with Marcellus lime- 
stones of the Allegheny Front region; they are widely separated and of 
quite dissimilar nature. 
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Thinning northward from a maximum thickness in Perry and Dauphin 
counties into the Susquehanna-Juniata valleys region, a thick sand- 
stone, the Montebello, and the thinner Mexico and Turkey Ridge sand- 
stones dominate the group. These appear to be the marine portions of 
a delta spreading fan-wise from a shore line to the south. Another 
deltaic deposit, the Knobsville continental beds of northeastern Fulton 
County, was forming during most of Hamilton time. The lithologic 
identity of the four eastern formations, excepting the Marcellus and 
perhaps the Moscow, is obscured in the Susquehanna Valley in and 
beyond the region of the coarser clastic sediments. In their stead, there 
is, beyond the limits of these sandstones, a succession of dark gray, more 
or less finely arenaceous shales, the Mahantango formation, which 
overlies typical, black, fissile Marcellus shale. The only prominent 
lithologic variation of the Mahantango in central Pennsylvania is an 
occasional sandstone lens. At first thought to represent definite divi- 
sions of the formation, detailed studies show them to come in at ran- 
dom. These sandstones may carry a facies fauna characterized by 
Spirifer granulosus (Conrad), Adolfia (Spirifer) audacula (Conrad) ,? 
and Pleurotomarias. Compilation of lists of fossils shows that there 
are in central Pennsylvania faunal divisions corresponding to the forma- 
tions in the eastern part of the State. Characteristic Marcellus and 
Mahantango formations and newly discovered variants of these two 
are present in the Allegheny Front region. The faunal divisions are 
less definite than in central Pennsylvania. 


HAMILTON GROUP ALONG THE ALLEGHENY FRONT 
DISTRIBUTION 


The Allegheny Front escarpment‘ enters the State of Pennsylvania 
from Maryland by way of Bedford and Somerset counties and trends 
north, then northeast to, and across, Lycoming County. In front (east 
and southeast) of this escarpment and parallel to it throughout, Devo- 
nian formations are exposed. The Hamilton group is mostly valley- 
forming shales, but lenticular sandstones produce local ridges. From 
the Maryland line northward a continuous band of Hamilton forma- 
tions crosses Bedford, Blair, Huntington, Centre, Clinton, and Lycom- 


3 The generic name Adolfia is used in conformity with previous reports, but G. A. Cooper informs 
the writer that recent researches indicate that such usage probably is not strictly correct. 
*Paul H. Price: The Appalachian structural front, Jour. Geol., vol. 39 (1931) p. 24-44. 
R. E. Sherrill: Symmetry of northern Appalachian foreland folds, Jour. Geol., vol. 42 (1934) 
p. 225-247. 
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ing counties (Fig.1). It joins the Hamilton exposed in central Penn- 
sylvania, by way of the Susquehanna Valley. Scattered areas of 
Hamilton rocks in Bedford, Mifflin, and Huntingdon counties are in- 
cluded in the present paper. From eastern Centre and Clinton, south- 
western Lycoming, and most of Union counties the Devonian has been 
eroded, widely separating the Allegheny Front exposures from those of 
the central region. 

Despite the extent of the area underlain by the Hamilton group along 
the Allegheny Front, exposures are often poor. The dominance of soft 
shale is one cause; outwash from the escarpment and, in the north, 
glacial débris are other factors. 


STRATIGRAPHY 


Divisions, thickness, character —The Hamilton group along the Alle- 
gheny Front consists of an upper formation and a lower one, the Mahan- 
tango and the Marcellus, respectively. The Mahantango contains 
faunas suggestive of the Moscow and the Ludlowville, doubtfully of the 
Skaneateles, farther east. These faunal separations may, however, be 
very obscure. In the south the Mahantango formation is subdivided 
on lithologic data. For the Marcellus no important members are known. 

The thickness of the Hamilton group along the Allegheny Front is 
fairly uniform, the average being not far from 1200 feet, but conceal- 
ment usually prevents exact measurement. The best data were secured 
in southern Bedford County, where the thickness is 1575 feet. This 
checks closely with Stevenson’s figure of 1587 feet.® 

Along the “Front” the base of the Hamilton group is transitional with 
dark gray to black Onondaga shale, which weathers deeply to olive- 
drab and may include thin, impure limestone beds. This Onondaga- 
Marcellus transition is seldom thick. The top of the Onondaga is drawn 
above the highest occurrence of Anoplotheca acutiplicata (Conrad). 
Were it not for a Marcellus-Onondaga diastem in central Pennsylvania, 
one would group the Onondaga with the Hamilton in concurrence with 
the Maryland usage.* The top of the group along the Allegheny Front 
is clearly defined. The Mahantango shale makes sharp contact with 
any one of three members which may occupy the basal Portage,’ the 
Tully limestone, the Burket black shale, or the dark gray Harrell shale. 


5 J. J. Stevenson: The geology of Bedford and Fulton counties, Pa. Second Geol. Surv., vol. T2 
(1882) p. 82. 

6C. 8. Prosser, E. M. Kindle, and C. K. Swartz: The Middle Devonian deposits of Maryland, in 
Middle and Upper Devonian, Md. Geol. Surv. (1913) p. 47-55. 

7 Bradford Willard: Portage group in Pennsylvania, Geol. Soc. Am., Bull., vol. 46 (1935) p. 1195- 
1218. 
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Generally, the Mahantango formation is dark gray, often sandy shale 
or fine sandstone, platy and brown-weathering. Interbedded clayey 
shales that break into irregular chunks are common. Usually the beds 
weather to chips or pencils, but sometimes they form small cliffs on well- 
developed joint faces, as seen in quarries and cuts in the neighborhood 
of Huntingdon. In the south the formation is subdivided lithologically 
into three members. Fossils are plentiful, particularly in the middle. 
The Marcellus formation is black, fissile, sand-free shale, which weathers 
to chips that may bleach light gray or nearly white. In some sections 
thin limestones appear. The formation is usually sparingly fossili- 
ferous. The two formations intergrade, the Marcellus losing its fissi- 
lity upward with the appearance of platy or chunky, clayey shales and 
sandstones. This change is accompanied by a mingling of Marcellus 
and Hamilton faunal facies in northern sections. 

It is not necessary to enter upon any detailed description of the 
structures of the Hamilton group. In general, there is a moderate dip 
toward the Allegheny Front, but in the outlying areas, as in Hunting- 
don and Bedford counties, local folding iscommon. The Mifflin County 
patches are, for the most part, closely infolded remnants. Faulting 
in Lycoming County may have partly cut out the group, but, for want 
of good exposures, this is not fully understood. 


Description by counties —In Bedford County the Mahantango for- 
mation near Chaneysville is divided into three members: 


Feet 
Chaneysville sandstone 182 


The Frame member takes its name from Frame School, about six miles 
north of Chaneysville. It is gray to olive, sandy shale which carries 
thin, local sandstones and an occasional thin limestone lens. Fossils 
are usually plentiful. The Chaneysville member (also spelled Cheneys- 
ville) is named for the village in southern Bedford County. It is hard, 
olive-gray, brown-weathering, platy to submassive sandstone and is 
fossiliferous. It must not be confused with the Montebello sandstone 
of the Susquehanna Valley, which is quite a different deposit. The 
Gander Run member derives its name from the stream occupying the 
valley underlain by these strata, six to eight miles north of Chaneys- 
ville. It is brown-weathering, dark gray sandy shale with some shaly 
sandstone. This member is rarely well exposed and is nearly barren. 
The three members appear always to intergrade, but they lose their 
identity northward as the Chaneysville splits and then disappears, and 
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TaBLe 1—Hamilton faunules 
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Name 


Faunule 1 
Faunule 2 
Faunule 

Faunule 4 
Faunule 5 
Faunule 6 
Faunule 

Faunule 8 
Faunule 9 
Faunule 10 
Faunule 11 
Faunule 12 
Faunule 13 
Faunule 14 
Faunule 15 
Faunule 16 


L. perplana var. alternata Clarke and 


* See note on page 1282. 


Ceratopora intermedia (Nicholson)......... 
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Taste 1—Hamilton faunules (Continued) 


Name 


Faunule 1 
Faunule 2 
Faunule 3 
Faunule 4 
Faunule 5 
Faunule 6 
Faunule 7 
Faunule 8 
Faunule 9 
Faunule 10 
Faunule 11 
Faunule 12 
Faunule 13 
Faunule 14 
Faunule 15 
Faunule 16 


Arte: 4, 


Pleurotomaria sulcomarginata X 


Plantae, fragments 
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the shales merge into the nearly uniform Mahantango formation proper. 
The accompanying tabulation of faunules illustrates the paleontologic 
characteristics of the members of the Hamilton group. Faunules 1 
through 5 represent Bedford County. Note particularly the occurrence 
of Leptostrophia perplana (Conrad) in the Frame shale (faunules 1 
2, and 3), of which it appears to be fairly characteristic. ‘The Chaneys- 
ville sandstone may exhibit fossil zones not shown in the composite 
faunule 4. Thus, in the lower part are many examples of Chonetes; 
Tropidoleptus carinatus (Conrad) is common in the middle por- 
tion; Spirifer mucronatus (Conrad) dominates the higher beds. In 
this member, too, occur the sandstone facies elements already men- 
tioned. All these faunules are thought to be more closely allied with 
that of the Ludlowville of central Pennsylvania than with any other 
fauna. In northern Bedford County the Chaneysville member is split 
by a shale in the northwest and by a thin limestone in the northeast. 
At Imler the succession runs: 


Feet 
Upper sandstone (top hidden)..................c0ccceccsccees 100 plus 


The shale usually is barren, but near Saxton, where limestone is be- 
lieved to take its place, unimportant fossils are found. Although the 
Gander Run member is commonly unfossiliferous, a small faunule has 
been quoted (number 5). It suggests the Skaneateles, farther east. 

The Marcellus formation in Bedford County usually contains an 
abundance of the small pteropod Styliolina fissurella (Hall) and few, 
if any, other fossils. No faunal lists, therefore, have been presented. 


Note to table on pages 1280 and 1281 


*This is a peculiar, stellate form common in the Marcellus of Pennsylvania but rare in other 
Hamilton beds. So far as the author knows it is undescribed. 
Faunule 1: Top of Frame shale near Schellsburg, Bedford County. 
Faunule 2: Black limestone from middle of Frame shale in bed of Raystown Branch, four miles west of 
Manns Choice, Bedford County. 
Faunule 3: Base of Frame shale, south-central Bedford County. 
Faunule 4: Composite of Chaneysville sandstone, Chaneysville, Bedford County. 
Faunule 5: Gander Run shale near Saxton, Bedford County. 
Faunule 6: Marcellus shale along Canoe Creek, Blair County. 
Faunule 7: Base of middle Mahantango shale, Huntingdon, Huntingdon County. 
Faunule 8: Top of Mahantango, shale beds, Huntingdon, Huntingdon County. 
Faunule 9: Upper Mahantango sandstone, Huntingdon, Huntingdon County. 
Faunule 10: Recurrent Marcellus in middle Mahantango formation, Huntingdon, Huntingdon County. 


rt} 


Faunule 11: Marcellus limestone concretions, H Huntingdon County. 

Faunule 12: Marcellus black shale, Huntingdon, Huntingdon County. 

Faunule 13: Topmost Mahantango shale, Bald Eagle Valley, Centre County. 

Faunule 13: Topmost Mahantango shale, Bald Eagle Valley, Centre County. 

Faunule 14: Top of Mahantango formation on Oak Run, Lycoming County. 

Faunule 15: Recurrent Marcellus near top of Mahantango on Oak Run, Lycoming County. 
Faunule 16: Marcellus shale near River Mill School, Lycoming County. 
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The Frame shale is tentatively recognized northward in Blair County, 
where, too, the Chaneysville is possibly represented. Butts * reported 
three sandstones in the Hamilton in his Altoona section, but which, if 
any, of these may be the Chaneysville is unknown. The Gander Run 
shale was not recognized as such in Blair County. However, on Canoe 
Creek the lower portion of the Mahantango formation is exposed as 
sandy, sparingly fossiliferous strata, which interfinger with the Marcel- 
lus below and may represent the Gander Run. This Marcellus is in- 
teresting, for in its midst are thin limestones or beds of calcareous 
nodules which are the southernmost known example of a distinctive 
feature of this formation common in the northern sections. They are 
diagnostic and distinguish the Marcellus from the later Burket and 
Harrell (“Genesee”) dark shales of the Portage, which, along the Alle- 
gheny Front, are not known to include such beds. The Marcellus fauna 
on Canoe Creek (faunule 6) shows a marked increase in number of 
species over Bedford County. 

In Huntingdon County are many highly fossiliferous Hamilton ex- 
posures, particularly in the neighborhood of the town of Huntingdon. 
The Mahantango formation is fairly typical lithologically but allows 
some slight differentiation: 


To these strata may be added not less than 150 feet of Marcellus, 
making a minimum total thickness for the Hamilton in western Hunt- 
ingdon County of 1215 feet. Neither of the two sandstones has been 
correlated with the Chaneysville, but they may equal the upper and 
lower ones of Butts’s section. An abundant faunule (number 7) found 
in the middle shale immediately above the lower sandstone, in cuts 
along the Huntingdon and Broadtop Railway west of Huntingdon, re- 
sembles the Chaneysville with the sandstone facies elements, numerous 
examples of Chonetes, many pelecypods, and several gastropods. It 
also includes Vitulina pustulosa Hall in abundance, a fossil not recog- 
nized elsewhere along the Allegheny Front, at this stratigraphic posi- 


8 Charles Butts: Geologic section of Blair and Huntingdon counties, central Pennsylvania, Am. 
Jour. Sci., 4th ser., vol. 46 (1918) p. 523-537. Note: The Hamilton of Butts’s section equals the 


Mahantango of this paper. 
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tion. Its occurrence so low in the Mahantango suggests the Berwyn 
(upper Skaneateles) of eastern Pennsylvania. This fossil also is not 
uncommon in the Ludlowville faunas of central Pennsylvania, and it 
is with these that faunule 7 is best correlated. 

The higher sandstone is separated by shaly beds from the base of 
the Portage. These latter produced faunule 8, which differs from the 
Frame member to the south. Rather, these fossils are to be correlated 
with faunules from the top of the Mahantango in Centre and Lycom- 
ing counties (faunules 13 and 14 respectively). Apparently, it is a later 
faunule than the Frame, whose nearest correlate at Huntingdon is 
found in the fossils of the upper sandstone which carries Leptostrophia 
perplana (Conrad), absent from the highest shale. (Compare faunules 
1, 2, and 3 with 8 and 9, 13 and 14, noting particularly the presence 
or absence of the Leptostrophia). The middle Mahantango shale of the 
Huntingdon area is highly fossiliferous but is poor in species. In it 
recurrent Marcellus conditions are recorded, as observable in a quarry 
at the north side of the town of Huntingdon. There a black shale 
interbedded with the sandy Mahantango produced faunule 10, a true 
Marcellus assemblage. 

No complete section of the Marcellus was found in Huntingdon 
County. At Entriken its top passes upward into dark, lower Mahan- 
tango sandstones and sandy shales. Thin limestone interbeds show 
along United States Highway 22, beside the State Reformatory west of 
Huntingdon. At the west side of Juniata College campus, Hunting- 
don, the black, fissile shale carries limestone concretions. Compara- 
tive lists of limestone and shale fossils at this place are given in faunules 
11 and 12 respectively. 

In Centre County the Hamilton group is nearly everywhere hidden, 
but an exposure at the top of the Mahantango directly beneath the 
Tully limestone in Bald Eagle Valley yielded a faunule (number 13) 
different from the topmost Frame fossils in Bedford County, yet sugges- 
tive of the uppermost shale faunule in Huntingdon County (faunule 
8). This Centre County faunule is the only one discovered along the 
Allegheny Front in which Vitulina pustulosa Hall is present at the top 
of the Hamilton. The significance of this is seen when one recalls that 
this brachiopod is usually present at that stratigraphic position in 
eastern Pennsylvania, where it marks the top of the Moscow forma- 
tion. 

Clinton County furnished no satisfactory showing of Hamilton. 
Along the valley of Bald Eagle Creek are knolls supported by sand- 
stone of this age. Exposures are poor, and topography does not mate- 
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rially help correlation, so that these beds cannot be matched with sand- 
stones of the Mahantango elsewhere, but they are believed to lie near 
the middle of the formation. 

It is advisable here to digress briefly to mention the geology of Bald 
Eagle Creek valley. The county geological maps of this region ® indi- 
cate that the valley is cut chiefly in beds of Lower Devonian age. This 
is only partly true. The Helderberg group is exposed along the south- 
east side of the valley; the Tully limestone shows along the northwest. 
The Tully was not identified, and so these two limestones were not dis- 
tinguished by the Second Survey, but where Tully was seen it was 
mapped as Helderberg, the assumption being that that group generally 
underlay the entire valley. With correct mapping of the Hamilton 
now possible for the first time it should be noted that the thickness of 
the Devonian in these parts will be increased by 1000 to 1500 feet. 

In Mifflin County most of the Hamilton group has been eroded. At 
Newton Hamilton the lower beds have been preserved, but exposures 
are few and poor. Only the Marcellus surely was identified. It is, 
like that of Bedford County, black fissile shale without limestones and 
commonly carrying only Styliolina fissurella (Hall). The lower part 
of the Mahantango is probably also present but was not certainly iden- 
tified. Black shales exposed in railroad cuts east of Newton Hamilton 
are Onondaga and therefore must not be confused with the Marcellus. 

The Hamilton of Lycoming County is indifferently exposed. The 
Susquehanna Valley, along which the beds extend, is blanketed by drift 
and outwash from end to end of the county. Of the few known ex- 
posures, the most interesting are upper Mahantango beds on Oak Run, 
north of Pennsdale. At the extreme top, underlying the Tully lime- 
stone and occurring partly in gray, brown-weathering shale and partly 
in whitish, clayey shale, a faunule (number 14) was discovered whose 
similarity to the topmost Mahantango fossils in Centre and Hunting- 
don counties is suggestive. Its dissimilarity to the highest Frame shale 
faunule in Bedford County (faunule 1) is interesting. Marcellus ele- 
ments are present, and in the midst of these very beds is such a recur- 
rent (faunule 15) in black shale. Lower Mahantango fossils, or even 
outcrops of the formation, are particularly scarce in Lycoming County, 
but several Marcellus exposures have been discovered. Southeast of 
Jersey Shore, near River Mill School, is an exposure of characteristic 
black shale with limestone concretions. A diagnostic faunule was col- 
lected which is of exceptional specific richness for the Marcellus 
(faunule 16). 


® Pennsylvania Second Geol. Surv., vol. X (1885) maps of Clinton, Centre, and Lycoming counties. 
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INTERPRETATION 
CORRELATION 


The series of articles of which this is the concluding number de- 
scribes the recognized surface occurrences of the Hamilton group in 
Pennsylvania. It has been shown that the group differs between vari- 
ous regions of the State. In the east it is divided into four forma- 
tions. During most of Hamilton time the Montebello sandstone, which 
is the marine portion of a delta, was deposited in the Susquehanna- 
Juniata valleys region as a barrier which separates eastern portions 
of the Hamilton group from western. This barrier also includes simi- 
lar Marcellus sandstones (Fig. 2). East of it the Hamilton group con- 
forms, in general, to the central New York stratigraphic succession, for 
it is composed of the four standard formations—Moscow, Ludlowville, 
Skaneateles, and Marcellus—lithologically and faunally distinguish- 
able. Upon nearing the Susquehanna Valley the lithologic identities 
of the formations tend to be lost, although faunal separations are still 
recognized. The Marcellus black shale is split by sandstones; above 
and below these the typical lithology obtains. The Skaneateles and 
the Ludlowville merge with the heavy Montebello sandstone of the bar- 
rier. Above that sandstone the Moscow apparently extends into cen- 
tral Pennsylvania. Along the Allegheny Front and east to the barrier 
the Hamilton group is separable into two formations. The Marcellus 
black shale below, having lost its median sandstones, resumes through- 
out much of its conventional character. Above it, the Mahantango 
formation makes up the rest of the group. Faunal differentiation of 
this formation in central Pennsylvania is possible, but only local litho- 
logic members are known west of the Susquehanna Valley. 

The Moscow may be present in the highest beds of the Mahantango 
in sections from Huntingdon County northward and is known in cen- 
tral Pennsylvania north of the limit of the Montebello sandstone 
barrier as well as above the youngest beds of that sandstone farther 
south. The highest Mahantango faunules from Huntingdon north- 
ward suggest the Moscow. Particularly so do the Vitulina pustulosa 
zone in Centre County and the presence in eastern Lycoming County 
of the only example of Spirifer tullius Hall identified from the upper- 
most Hamilton of the Allegheny Front. Indications of the presence of 
Skaneateles are even poorer than of Moscow. A Skaneateles fauna 
may exist in central Pennsylvania, but it is not certainly known along 
the Allegheny Front. The Gander Run fossils cited in Faunule 5 are 
more like the Ludlowville than the Skaneateles, and no other basal 
Mahantango lists come any nearer matching the Skaneateles farther 
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Ficure 2.—Diagrammatic east-west section of the Hamilton group of Pennsylvania from the Allegheny Front through Huntingdon, the middle 
Susquehanna Valley, and the upper Delaware Valley to northern New Jersey 


In the east is the Hamilton-Catskill transition. Between the Delaware and the Susquehanna valleys are preserved the four Hamilton formations 
typical of the group of New York. A transverse section of a dst delta ies the region of the Susquehanna Valley. West of the delta to 


the Allegheny Front the group is divided into the undifferentiated Mahantango formation above the Marcellus black shale below. 
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east.2° It appears, in the end, as if the entire Mahantango were occu- 
pied by a Ludlowville faunal facies except for the descent northward 
from Bedford County of the Leptostrophia beds which throws the over- 
lying and highest Mahantango faunules in the north into what should 
be the Moscow, but at the same time allows the Ludlowville fauna to 
continue as its contemporary to the end of Hamilton time in the south. 
The southward dying out of the Tully limestone, from a thickness of 
some 240 feet in Clinton County to zero in Bedford, and the similar 
disappearance of the overlying Burket (“Genesee”) black shale south- 
ward have been observed by the author and are described else- 
where." It is, therefore, not unreasonable to suggest that the Moscow, 
too, may be absent in south-central Pennsylvania, possibly through a 
local disconformity. 

As previously remarked, the Marcellus tends to resume its normal 
lithology westward from the barrier. Nevertheless, still farther west 
and northwest this formation is no longer uninterrupted black shale. 
Thin limestone beds or beds of calcareous concretions or nodules appear 
in its midst in Blair, Huntingdon, and southwestern Lycoming coun- 
ties. Simultaneously the fossils increase in number and variety. Pos- 
sibly the most significant faunal change is the appearance of an occa- 
sional goniatite. These and the limestones suggest an approach to 
conditions reported in western New York. Before leaving the Mar- 
cellus, it should be recalled that the Mahantango formation may include 
Marcellus recurrents, whose frequency increases northward along the 
Allegheny Front. 

From these comparisons it is evident that the Montebello and Mar- 
cellus sandstones of the delta are an important barrier between eastern 
and western portions of the Hamilton group. This barrier separates 
the fully differentiated Hamilton of the east from the less differentiated 
Hamilton of the west. Not only was sedimentation differently affected, 
but faunal conditions were dissimilar on opposite sides. The separable 
fossil elements to the east seem to mix in the west, or, more properly, 
the entire Mahantango formation is dominated by a Ludlowville fauna 
which allows little subdividing. Yet there is no evidence of a break 
in the succession of the lower or upper Mahantango beds which might 
account for the absence of the Skaneateles or partial exclusion of the 
Moscow. 


1° Bradford Willard: Hamilton group of central Pennsylvania, Geol. Soc. Am., Bull., vol. 46 
(1935) p. 195-224. This paper contains a detailed comparative faunal list of the three Mahantango 
faunal facies. 

Bradford Willard: Portage group in Pennsylvania, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 1195-1218. 
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GEOLOGIC HISTORY 

In correlating the Hamilton group, the geologic history is suggested. 
At the beginning of Hamilton time the Marcellus sea spread far into 
eastern Pennsylvania and northern New Jersey. By mid-Marcellus 
time, delta sands had commenced to build northward from a south-lying 
coast into the Susquehanna and Juniata valleys. Interrupted briefly 
during a return of the black shale facies in late Marcellus time, the 
deposition of sand was resumed in greater magnitude at the start of 
Skaneateles time and continued at least to the end of the Ludlowville 
epoch. East of this delta a broad embayment appears to have stretched 
east and southeast. Toward the northwest it was in free communica- 
tion with central New York. The southern and eastern shores appear 
to have been remote, as it contains no pronouncedly near-shore sedi- 
ments in this part of Pennsylvania. However, in northern New Jersey, 
where continental Catskill beds merge with the Hamilton, the shore 
line is defined. Adjacent to this the marked thickening of the group 
(Fig. 2) in the upper Delaware Valley implies proximity to the source 
of clastic materials. In this embayment a normal Hamilton succession 
was maintained, but west of the delta, sedimentation during post- 
Marcellus time was largely in the form of mud with stray sand banks. 
Lacking satisfactory faunal differentiation but possessing recurrent 
Marcellus zones, these beds resemble those of western New York, 
though formation boundaries are lost. May this not be due to their 
having formed farther from shore than those of western New York? 
Or were they laid down in a restricted area where the factors influencing 
the Hamilton elsewhere were partially eliminated? 

The presence of the delta suggests certain paleogeographic features. 
It will be recalled that a second delta is known in northeastern Fulton 
County (Knobsville red beds), but southwest therefrom the normal, 
marine Hamilton runs on into Maryland. This and the Hamilton em- 
bayment in the east imply that the region of south-central Pennsyl- 
vania may have been a blunt cape, extending north or northwest into 
the sea, or an area of differential uplift during Hamilton time. Al- 
though space precludes more details, it is the writer’s conviction that 
during Devonian and later, and perhaps earlier, periods of the Paleozoic, 
this region was one of tectonic activity. Final conclusions on this mat- 
ter must wait further study and perhaps may not be made until the 
entire Paleozoic of this area is fully understood. 


CONCLUSIONS 


In eastern Pennsylvania the four Hamilton formations recognized in 
New York have been identified. In central Pennsylvania a deltaic sand 
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barrier separates the more typical Hamilton of the east from the less 
normal phase along the Allegheny Front and in the central regions north 
of the barrier. In this last region, differentiation above the Marcellus 
is limited to the recognition of local members. Neither faunal nor 
lithologic data are sufficient to warrant separation of the remainder of 
the group into formations correlated with those of the east, although 
certain faunules do suggest possibly equivalent parts. Lithologic and 
faunal changes, from the Susquehanna Valley northwestward, imply 
that the Hamilton group is passing over into a dark shale of the Mar- 
cellus facies, after the manner of the group in western New York, but 
to a less pronounced degree. Were it possible to observe the unexposed 
Hamilton of western Pennsylvania one might expect to find the group 
dominated by Marcellus types of fauna and lithology. This supposi- 
tion is strongly substantiated by the well records, published and inter- 
preted by C. R. Fettke, for western and northwestern Pennsylvania.’? 
Not only do these show much black or dark Hamilton shale between 
the recognized Tully and Onondaga limestones, but the shales them- 
selves carry limestone interbeds. 

The group as a whole is believed to record part at least of the progres- 
sive, or on-lap, phase of a major sedimentary cycle. This is best illus- 
trated by the black shale to sandstone succession in the east and the 
merging of marine with continental beds in northern New Jersey. 
Though more obscure in the western and central sections, on-lap is 
implied here also. Lithologic and faunal changes northwestward agree 
with this view, and evidence of a faunal on-lap of Moscow elements 
over Ludlowville assemblages southward along the “Front” has been 
cited. It is difficult to imagine marine on-lap simultaneous with delta 
out-building, but it must not be overlooked that the Montebello and 
Knobsville deltas are local phenomena while the Hamilton on-lap is 
a process taking place over a wide area reaching far beyond Pennsyl- 
vania’s borders. 


2C. R. Fettke: Subsurface Devonian and Siluric~ sections across northern Pennsylvania and 
southern New York, Geol. Soc. Am., Bull., vol. 44 (1 Jo, p. 601-660. 
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EASTERN EDGE OF THE FRONT RANGE 


Aerial view looking north-northwest from an elevation of 7,100 feet, 2.1 miles S. 28° E. of the 
town of Morrison. Mt. Morrison (1A), Longs Peak (1C), Colorow Hill (2B), Lookout Moun- 
tain (2D), Crescent Mountain (1E), and Boulder Mountain (1F), show along the skyline. North 
Table Mountain (2G) and South Table Mountain (3G) appear in the right middle distance. 
Bear Creek (6E) is in the foreground. The Cheyenne Mountain peneplain, somewhat modified, 
can be seen in the left center skyline, above the lower Bergen Park peneplain which extends to 
the left from Colorow Hill. The upper Bergen Park surface appears on the summit of Mt. 
Morrison and on the broad bench just below Crescent Mountain. The Flagstaff Hill berm oc- 
curs about 400 feet below the lower Bergen Park surface and is well developed in front of Col- 
orow Hill. At the type locality (4B) the Mt. Morrison berm truncates upturned Fountain 
sandstone (Pennsylvanian) and can be traced on accordant spurs in the crystalline rocks to the 
north. The Orodell berm shows in the right middle distance (5H) at the foot of Green Mountain. 
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INTRODUCTION 


The Front Range of Colorado represents the easternmost range of 
the Southern Rocky Mountains, and extends from the valley of the 
Arkansas River near Canon City, Colorado, northward to the Wyoming 
line. In northern Colorado it branches into the Medicine Bow Moun- 
tains on the west and the Laramie Range on the east (Fig. 1). Details 
of the topography of the region can be found on the United States 
Geological Survey topographic maps for the quadrangles outlined in 
Figure 1. A study of these maps conjointly with the text is recom- 
mended. 


* Manuscript received by the Secretary of the Society, September 12, 1934. 
t+ Published by permission of the Director of the United States Geological Survey. 
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The Front Range represents a great anticlinal uplift, locally broken 
by both normal and reverse faults, now thoroughly truncated and 
highly dissected by streams and glaciers. 

Except for a few relatively small inliers of sedimentary rocks, which 
were either faulted or folded down into the crystallines and thus pre- 
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Ficurs 1.—Index map 


Showing the position of ‘the Front Range of Colorado, the Laramie Range of Wyoming, and 
the areas covered by topographic maps of the United States Geological Survey in the region 


described in this paper. 


served from erosion, the Front Range consists of pre-Cambrian and 


Tertiary crystalline rocks. 
Along the eastern margin of the range a series of parallel hogbacks 
and longitudinal valleys normally appear as a result of the differential 
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erosion of upturned sedimentary rocks of unequal hardness (Pl. 96). 
Locally, however, as at Palmer Lake and at Golden, the hogback- 
forming formations are faulted out. 

Several erosion surfaces have been recognized by physiographers 
who have studied the region. The general results of these investiga- 
tions are summarized in the accompanying correlation table (Fig. 2). 
The data presented in this paper have been assembled by the authors, 
working both independently and in collaboration, over a period of more 
than five years. 

Prior to the present study there has been a definite tendency on the 
part of physiographers to consider the valley development below the 
level of the lowermost peneplain in the eastern portion of the Front 
Range as not dating back of the late Tertiary. Fenneman? expressed 
this conviction as follows: 


It may be assumed that at the close of the later cycle the greater part of this 
province and others adjacent were covered by a continuous graded plain, made 
by degradation of the mountains and aggradation of the Great Plains. The 
peneplain in the mountain province is believed to correspond in geologic date 
with the surface of the Pliocene sediments that now cover the High Plains. 


Similar views previously had been expressed by R. T. Chamberlin * 
and by Lee.® 

The most recent statement bearing on the problem is by Black- 
welder.* He says: 


There is ample evidence, noted by many writers on the region, that uplift 
amounting to thousands of feet—perhaps as much as 6000 feet in the central 
Rocky Mountain region—did occur some time during or after the Pliocene period. 
It was this broad upwarping that induced the cutting of countless gorges and 
canyons throughout the province and caused the ranges themselves to be etched 
out into greater relief, as new plains were eroded upon the outcrops of the 
weaker strata. It may well be that a series of such elevatory movements occurred 
during the Pleistocene period. 


As opposed to this interpretation the writers are convinced that the 
youngest peneplain in the Front Range dates back to the middle 
Miocene and that several interrupted cycles of pre-Pleistocene age 
are involved in the development of the modern valleys. The relation 
of these interrupted cycles to one another and to the partial peneplains 


1N. M. Fenneman: Physiography of Western United States, McGraw-Hill (1931) p. 107. 

2R. T. Chamberlin: The building of the Colorado Rockies, Jour. Geol., vol. 27 (1919) p. 161. 

3 W. T. Lee: Peneplains of the Front Range and Rocky Mountain National Park, Colorado, 
U. S. Geol. Surv., Bull. 730-A (1923) p. 16. 

4 Eliot Blackwelder: Origin of the Colorado River, Geol. Soc. Am., Bull., vol. 45 (1934) p. 561. 
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which appear at higher elevations in the mountains is such as to sug- 
gest a series of uplifts of the region. 

The present relative elevation of the mountains is largely the result 
of differential erosion, the softer sediments of the plains having been 
eroded more rapidly than the hard crystalline rocks of the mountains 
during the several erosion cycles involved in the history of the area. 

Some students of the physiography of the Front Range believe that 
relatively few erosion surfaces are present and that the conspicuous 
nearly level surfaces that occur at many different elevations are due 
to faulting or warping of one or two surfaces, to unequal resistance to 
erosion, to exhumation of the contact of the pre-Cambrian crystallines 
with the sedimentaries which may appear at any elevation, or to 
pedimentation. On the other hand, the writers, even after the elimi- 
nation of doubtful surfaces, find evidence of a series of erosion surfaces 
at remarkably accordant levels in a definite step-like relation over 
wide areas and are led to the belief that many distinct erosion cycles 
may be recognized. The fact that the younger surfaces appear at 
essentially the same general elevation along many of the eastward- 
flowing streams obviates the conclusion that differential uplift is re- 
sponsible for the phenomena. 

The similarity in elevation of the erosion remnants ascribed to a 
definite surface over a great distance may at first seem almost incred- 
ible. However, a study of the modern cycle reveals interesting data 
bearing on this relationship. Many of the streams are still deepening 
their valleys vigorously, and others have only recently emerged from a 
period of active down-cutting. In general, the streams should be 
classed as youthful where they leave the mountains. In spite of this 
fact, the elevation of such master streams as the Arkansas and the 
South Platte, and their important tributaries, shows a striking accord- 
ance in elevation where they emerge from the crystalline rocks. The 
elevation of the South Platte where it issues from the mountains near 
Denver is about 5,550 feet, and that of the Cache la Poudre, its most 
important tributary, about 85 miles to the north is 5,250 feet. The 
elevation of the Arkansas River where it leaves the crystalline rocks 
at Canon City is 5,250 feet. 

When, during any cycle of erosion, the condition of grade had been 
attained by the master streams in the area of sedimentary rocks bor- 
dering the mountains, the tributaries would probably soon attain grade 
also, thereby working toward nearly accordant levels at the point 0% 
issuance from the mountains. Under such conditions the widening of 
the valleys would give rise to a peneplain in the soft sediments of the 
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Ficure 2.—Correlation chart 


Showing ages assigned to the erosion surfaces by earlier writers, together with those ascribed to them by the authors. 
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plains, and create broad mature valleys whose floors would occur at 
approximately the same elevation in the crystalline rocks along the 
margin of the mountains. Long continued lateral planation in the 
crystalline rocks would eventually tend to reduce the inter-stream 
areas to the general level of the plains. The older erosion surfaces in 
the mountains have the characteristics of very imperfect peneplains 
developed by stream erosion of this type. Toward the Continental 
Divide many of the inter-stream areas were not reduced to the level 
of the broad valley floors but were distinctly benched during the sev- 
eral early erosion cycles. The later cycles did not pass beyond the 
broad valley stage even at the edge of the mountains, and all evidence 
of them is lost within a few miles of the mountain front, except along 
the largest streams. 

In places the profiles of some of the younger surfaces suggest pedi- 
mentation. The features resulting from the latter process are espe- 
cially evident in the foothills belt and in the marginal portion of the 
crystalline rocks but are uncommon within the mountains south of 
the Wyoming line. 

The profile of the Sherman surface on the granite of the east flank 
of the Laramie Range of Wyoming and the character of the Miocene 
sediments which lap up upon the crystallines in this region both imply 
pedimentation. As this surface is followed southward into the Front 
Range of Colorado, however, its eastward slope becomes more gentle, 
and monadnocks rise less sharply above it. Profiles suggestive of 
pedimentation are here confined to the lower erosion surfaces devel- 
oped along the mountain front. It is possible that in mid-Tertiary 
time, precipitation was more abundant near the higher mountains of 
the Colorado Front Range than in the Laramie Range. If this infer- 
ence is correct, it would seem that the zone of lateral corrasion * swept 
onto the crystalline rocks in Wyoming but generally remained some 
distance east of the mountains in Colorado. 

In connection with the general accordance in level of the remnants 
of individual erosion surfaces, the question arises as to the possibility 
of their having been appreciably deformed during Tertiary readjust- 
ments. It is believed that locally the older surfaces have been warped. 
The relatively small remnants of these still preserved in the higher 
parts of the range present some evidence in favor of this view, though 
it may well be that many of the slopes at the general level of erosion 
surfaces represent undulations of an original mature topography. In 
general the younger and lower surfaces show no evidence of abrupt 


© Douglas Johnson: Planes of lateral corrasion, Science, n. s., vol. 73 (1931) p. 174. 


* 
yf 
3 
pes 
> 
ate 


INTRODUCTION 1297 


changes in level except in the vicinity of relatively rare late Tertiary 
faults of considerable displacement, such as that affecting Pliocene 
sediments in the vicinity of Howard in the southern portion of the 
Front Range,® and involving Tertiary volcanics near Cripple Creek.’ 
The relatively steep slopes where a younger surface merges with an 
older one give a misleading impression of warping or faulting, unless 
this transition zone is followed for some distance, and the character 
and position of the topographic re-entrant is studied. 

The normal eastward slope of the younger surfaces on the east side 
of the Front Range, which usually does not exceed sixty feet per mile, 
is apparently the result, in large part, of broad arching movements, 
along the present axis of the range, which accompanied the epeirogenic 
uplifts that succeeded the Laramide and late Eocene periods of moun- 
tain building. The magnitude of the Laramide revolution is generally 
appreciated. The present relief of the Front Range, however, has re- 
sulted largely from later uplifts and the more rapid erosion of the 
less resistant sedimentary formations to the east and west. The 
studies of W. S. Burbank and E. N. Goddard ® in the Huerfano Park 
area of southern Colorado have convinced them that a pronounced 
uplift occurred in the adjacent Wet Mountains, south of the Front 
Range, between late middle Eocene and Miocene time. There is evi- 
dence of a differential movement amounting to over 4,000 feet between 
the plains and the neighboring mountain blocks since Bridger time. 
The movement was probably completed prior to lower Miocene time, 
as indicated by the fact that the sediments of this age pass over the 
major fault of the area without sharing in the displacement. The 
Floridan aspect of the fauna of the Bridger formation shows that it 
was laid down not far above sea level, probably well under 1,500 feet 
above tide,® but it now appears at an elevation of approximately 
7,000 feet. Thus, in addition to the orogenic movements, several post- 
Bridger epeirogenic movements have raised the entire region 5,500 
feet or more. 

In the stricter usage of the term, none of the erosion surfaces of the 
Front Range should be construed as a peneplain, for it is certain that 
the old age stage of stream erosion was not reached throughout the 
Front Range region in any of the several cycles involved. However, 


® William E. Powers: Physiographic history of the upper Arkansas Valley and the Royal Gorge, 
Colorado, Jour. Geol., vol. 43 (1935) p. 189. 

7G. F. Loughlin and A. H. Koschmann: Geology and ore deposits of the Cripple Creek dis- 
trict, Colorado, Colo. Sci. Soc., Pr., vol. 13 (1935) p. 239-241, 

8 Oral communication. 

®°H. F. Osborn: The titanotheres of ancient Wyoming, Dakota, and Nebraska, U. S. Geol. 
Surv., Mono. 55, vol. 1 (1929) p. 80. 
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old age surfaces are believed to have been developed along the mar- 
gins of the range and on the relatively soft sediments of the plains to 
the east of the mountains during several of the more important cycles. 
Following the lead of earlier workers in the region, the term peneplain 
is used loosely in the present paper to describe any surface which had 
attained the late mature stage prior to uplift and dissection even 
though the surface was far from perfect in the crystalline rocks. It is 
unfortunate that a more suitable term is not available. The terms 
berm or strath*© may be applied advantageously to the bench-like 
remnants of mature valleys of earlier cycles, which occur in the walls 
of the present valleys and along the eastern front of the range. 

At many points in the eastern portion of the range, broad “parks” 
of comparatively gentle relief, partly or entirely surrounded by more 
rugged areas, occur in that portion of the mountains varying in ele- 
vation from about 6,500 to 10,000 feet. Most of these represent rem- 
nants of partial peneplains developed in areas of lesser resistance to 
erosion. In some cases, such as Woodland Park of the Pikes Peak 
quadrangle, the less resistant areas represent inliers of sedimentary 
rocks which were either folded or faulted down into the crystalline 
rocks. The majority of the “parks,” however, appear to have been 
developed upon the crystallines themselves, as at Estes Park. Some 
of them occur at or near the heads of minor tributaries. Originally 
they probably marked the western limit of the broad valleys formed 
during earlier erosion cycles. They have been modified by rock decay 
and rather inconsequential stream erosion during later cycles. Locally, 
sheet erosion and pedimentation may have been important in the de- 
velopment and modification of these features. 

The relation of the peneplains to the character of the bed rock in 
the Southern Rocky Mountains is more apparent than real. The 
most extensive and best developed erosion surfaces, such as the Sher- 
man peneplain of the Laramie Range of Wyoming and the peneplains 
in the Pikes Peak and Platte Canyon quadrangles, coincide in a broad 
way with extensive areas of granite. In the Medicine Bow Moun- 
tains, however, the widespread Medicine Bow peneplain is developed 
almost entirely upon steeply dipping schists and gneisses. 

It has often been assumed that granite is much more resistant than 
schist; however, it is worthy of note that nearly all the high peaks of 
the Front Range are made up of schist. In reality, there seems to be 
little relation between the character of the bed rock and the develop- 


%F, Bascom: Geology and mineral resources of the Quakertown-Doylestown district, Penn- 
sylvania and New Jersey, U. 8. Geol. Surv., Bull. 828 (1931) p. 5. 
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ment and preservation of erosion surfaces in the Southern Rockies. 

In places the older peneplains have been destroyed well back into 
the range. Re-entrants of the younger surfaces occur as benches along 
some of the larger streams within a few miles of the Continental 
Divide. 

Altogether five major erosion cycles, several of which are obviously 
compound, gave rise to imperfect peneplains in the crystalline rocks. 
They occur between elevations of 7,400 and 12,800 feet. In addition, 
three interrupted cycles of less importance have been recognized in 
the form of rock benches in the walls of the more important eastward- 
flowing streams. Along the eastward edge of the mountains these 
benches lie between elevations of 6,200 and 7,000 feet. 

The major surfaces of the five early erosion cycles and the age 
ascribed to each by the writers are as follows: (1) the Flattop pene- 
plain, from 11,000 to 12,800 feet, lower Eocene, probably in part pre- 
Wasatch; (2) the Green Ridge peneplain, from 9,700 to 10,700 feet, 
middle Eocene; (3) the Cheyenne Mountain peneplain, from 9,200 to 
10,000 feet, late Eocene; (4) the Overland Mountain peneplain, from 
8,300 to 9,200 feet, Oligocene; and (5) the Bergen Park peneplain, 
from 7,400 to 8,200 feet, middle Miocene. The Flattop, Overland 
Mountain, and Bergen Park peneplains appear to be compound in 
character, and further study may make it advisable to recognize some 
of the apparently minor related surfaces as representing distinct cycles. 
The later cycles of less importance include: (1) the Flagstaff Hill 
berm, approximately 7,000 feet at the mountain front, early Plio- 
cene; (2) the Mount Morrison berm, from 6,400 to 6,800 feet at the 
mountain front, late upper Miocene; (3) the Orodell berm, from 5,900 
to 6,800 feet at the mountain front, late Pliocene. In addition to these 
surfaces there are three to five rock terraces strewn with Pleistocene 
gravels, lying from 20 to 400 feet above the major streams where 
they leave the mountains. The ages of these surfaces and their cor- 
relation with those recognized by earlier writers in the Front, Laramie, 
and Medicine Bow ranges is shown in Figure 2. 
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DESCRIPTION AND CORRELATION OF THE TERTIARY 
EROSION SURFACES 


GENERAL STATEMENT 


Many difficulties are involved in identifying and correlating the in- 
dividual erosion surfaces of the Front Range because of (1) their dis- 
continuity, (2) slight original variations in level between different 
drainage systems, and (3) the effects of deformation which vary from 
place to place and affect the older surfaces to a higher degree than 
the younger ones. In view of this situation the writers are aware that 
some of the correlations presented in this paper will be subject to re- 
vision after more detailed studies have been made. With this thought 
in mind, they have avoided the adoption of terms already well estab- 
lished in the literature on the erosion surfaces of southern Wyoming 
in the description of the physiography of the Front Range of Colorado. 


THE FLATTOP PENEPLAIN 


The Flattop peneplain, whose type locality is Flattop Mountain in 
the central part of Rocky Mountain National Park,” is in most places 
a smoothly undulating surface above which monadnocks rise as much 
as 2,000 feet. Longs Peak is a notable example of such a monadnock. 
It is a compound surface whose members are best developed between 
elevations of 11,000 and 12,800 feet in the Front Range. Where pos- 
sible to differentiate the two members the higher one is referred to as 
the upper Flattop peneplain and the lower one as the lower Flattop. 
The surface has been deeply carved by valley glaciers, but small rem- 
nants of it are conspicuous along the Continental Divide and in a 
narrow belt, commonly from one to five miles wide, bordering it on 
the east and west. In a few places it is preserved on long spurs and 
monadnocks many miles from the Divide. Such localities are found 
in the northeastern part of the Rocky Mountain National Park, in the 
eastern half of the Georgetown quadrangle, and in the southern half of 
the Montezuma quadrangle. The surface generally shows less relief 


u1W. T. Lee: Peneplains of the Front Range and Rocky Mountain National Park, Colorado, 
U. 8. Geol. Surv., Bull. 730-A (1923) p. 1-17. 
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with increasing distance from the Divide itself. Its relief where the 
topography is relatively subdued is commonly less than 500 feet in a 
mile. Although in most places the undulations of the surface merge 
with one another, at many localities minor hills rise sharply above its 
general level. The lack of transition between parts of the surface in 
such places may be due to original relief, faulting, warping, or mechan- 
ical weathering. 

As the higher parts of the range have been severely glaciated, the 
smooth surface of the Flattop peneplain stands in sharp contrast to 
the precipitous slopes of the glaciated areas. This is well shown at 
and near the type locality (Pl. 97, fig. 2) where the upper member is 
represented by a remnant about three square miles in extent, which 
rises from an elevation of approximately 11,900 feet along its eastern 
margin to 12,300 feet at the Continental Divide and then descends 
several hundred feet on the western side. 

In the west-central portion of the Rocky Mountain National Park 
quadrangle, a remnant of a peneplain which occurs at an elevation of 
about 11,700 feet on Mt. Bennay is correlated with the upper Flattop 
erosion surface, on the basis of its relation to remnants of the Green 
Ridge peneplain in the area. The shoulders at 11,200 feet probably 
represent the lower member. These surfaces truncate steeply tilted 
conglomerates of the Middle Park formation, whose age is basal 
Eocene. 

Other well preserved remnants of the upper surface occur along and 
near the Continental Divide in the Central City quadrangle, a notable 
example being the shoulders at an elevation of about 12,500 feet on the 
mountain, four miles north of Corona. 

In the Fraser quadrangle, faults trending north-northeast involve 
lower Miocene sediments. A fault with this trend passes through Rifle- 
sight Notch, three miles east of West Portal, in the western portion of 
the Central City quadrangle. This fault is believed to continue south- 
westward into the Berthoud Pass area. It dips west at an angle of 
about 50 degrees and is marked by a zone of sheared rock. To the 
west of the fault the Flattop and Green Ridge surfaces have almost 
their normal elevations and are not appreciably warped. To the east, 
however, a smooth slope rises steeply to elevations well above that of 
the upper Flattop surface where it is preserved just west of the fault 
(Pl. 108, fig. 2). This steep slope is probably due, in large part, to 
the weathering and erosion of the sheared rock of the fault zone. It 
merges smoothly with remnants of the upper Flattop surface which 
appear to have been upwarped during the faulting. 
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In the northern portion of the range the Flattop peneplain is found 
only in the southern part of the Home quadrangle, where several rem- 
nants of the smooth, gently undulating surface occur in the higher 
parts of the Mummy Range, at elevations varying from approximately 
11,500 feet to more than 12,000 feet. The surface bevels nearly ver- 
tical schists and gneisses as well as large bodies of granite. 

The presence of the Flattop peneplain in the southern section of 
the Front Range has been previously recognized by Little.?? 

In the central-western part of the Platte Canyon quadrangle the 
Flattop peneplain is well preserved in the Tarryall Mountains. The 
topography of this quadrangle is shown on a reconnaissance map made 
in 1891 and is very much generalized. The topography of the central- 
western part of the area, however, is very well shown on the special 
Lost Creek Drainage Basin map (1930) of the United States Geolog- 
ical Survey. 

A high rolling upland, in which both the upper and the lower Flat- 
top peneplains can be recognized, is preserved on the summits of the 
mountains and on benches on both sides of Lost Creek, at elevations 
ranging from 11,000 to 12,000 feet. Above the ancient surfaces occa- 
sional monadnocks rise several hundred feet. In the field these sur- 
faces (PI. 97, fig. 1) are strikingly similar to those found farther north- 
west in the Montezuma quadrangle, and from the air their equivalence 
is even more apparent (Pl. 98, fig. 2). From the Montezuma quad- 
rangle the upper member of the compound surface has been traced 
almost continuously into the Flattop peneplain of the type locality. 

The accordance of the highest peneplain remnants of the mountains 
near Lost Park and of the upland surface of the Montezuma quad- 
rangle with the high spurs on the flanks of several mountains in the 
Mt. Evans area can be seen as a striking feature of the western 
skyline from the passenger planes making the scheduled trips between 
Denver and Colorado Springs (PI. 98, fig. 1). 

Just south of the Montezuma quadrangle at the northern edge of 
South Park, broad benches occur at from 12,000 to 12,250 feet, from 
500 to 800 feet below the conspicuous flat-topped mountains which are 
sorrelated with the upper Flattop peneplain (PI. 98, fig. 2). These 
benches are believed to be closely related to the benches found between 
11,000 and 11,500 feet, to the south in the Lost Park area. A similar 
intermediate surface occurs to the east and northeast of Mt. Evans. 
where the high spurs on which remnants of the Flattop surface appear 


2H. P. Little: Erosional cycles in the Front Range of Colorado and their correlation, Geol. 
Soc. Am., Bull., vol. 36 (1925) p. 500. 
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are benched from an elevation of approximately 11,000 to 11,500 feet. 
The ridge on which Warrior Mountain and Devils Nose are located 
is believed to represent a remnant of this surface also. Squaw Moun- 
tain, four miles south of Idaho Springs, has an elevation of 11,500 feet 
and rises more than a thousand feet above the level of the Green 
Ridge peneplain in this area. Its summit may represent a remnant of 
the lower Flattop surface. Farther north, in the Central City quad- 
rangle, it is apparently represented on Nebraska Hill, Woodland 
Mountain, and Chittenden Mountain. The abrupt rise from this sur- 
face to the upper Flattop peneplain in this as well as in other areas 
suggests that it represents a distinct episode in the history of the 
Front Range, and further studies may justify the affixing to it of a 
definite name. 

The high shoulders on Pikes Peak, ranging in elevation from approx- 
imately 12,000 to 12,500 feet, are correlated with the upper Flattop 
surface by the writers (Pl. 99). Little previously made the same 
correlation.1* Above these a monadnock, representing the higher por- 
tion of Pikes Peak, rises almost 2,000 feet. This general relationship 
is the same as that at the type locality of the Flattop peneplain, where 
Longs Peak and other high monadnocks rise well above the general 
level of the old surface. 

Although the general level of the Green Ridge surface near Pikes 
Peak is about 10,500 feet, distinct benching occurs on the flanks of 
the mountain at an elevation of from 11,000 to 11,600 feet (PI. 101, 
fig. 1). The slope between these benches and the upper Flattop sur- 
face on Pikes Peak is steep, and it seems unlikely that the surface 
which they represent was formed during the upper Flattop cycle. 
They are correlated with the lower Flattop peneplain. 

The Flattop peneplain is tentatively correlated with the surface at 
the crest of the Snowy Range of the Medicine Bow Mountains of 
southern Wyoming. The Snowy Range surface is comparatively 
smooth and truncates steeply tilted pre-Cambrian quartzites. It 
ranges in elevation from 11,300 to 11,700 feet, and gives way rather 
abruptly to a lower surface, the Medicine Bow peneplain, which has 
an elevation of about 10,500 feet near the Snowy Range (PI. 100, 
fig. 1). 

The suggestion has been made that the Flattop surface dates from 
pre-Cambrian time and is a resurrected surface formerly covered by 
Paleozoic sediments. While it is believed that this interpretation de- 
serves serious consideration and that small portions of the Flattop 


38 Ibid. 


E 
| 


1304 VAN TUYL, LOVERING—PHYSIOGRAPHIC DEVELOPMENT, FRONT RANGE 


may coincide with a base level cut in pre-Tertiary time, the writers 
favor the view that such an exhumed surface formerly existed at a 
still higher level and has been almost completely destroyed except 
where down-faulted or down-warped. 


THE GREEN RIDGE PENEPLAIN 


The type locality of the Green Ridge peneplain is on Green Ridge 
in the west-central part of the Home quadrangle in the northern part 
of the Colorado Front Range (Pl. 100, fig. 2). It has not previously 
been differentiated as a distinct surface and in the past has been con- 
fused in part with the Flattop peneplain, and in part with the so-called 
Rocky Mountain peneplain of Lee,’* which we believe includes sev- 
eral erosion surfaces. With the possible exception of the Flattop, it 
was probably the most nearly perfect peneplain developed in the his- 
tory of the range. Where best preserved, it is a nearly level surface 
above which low, rounded hills rise less than 200 feet. Near the cen- 
ter of the Front Range, it usually forms a distinct bench from 800 to 
1,500 feet below the level of the lower Flattop surface. 

In common with all the physiographic surfaces in the Front Range, 
it was probably much more perfectly developed near the margins of 
the range than near the crest, and unreduced or partially reduced 
monadnocks of the older Flattop surfaces are most numerous close to 
the transition zone between the peneplains. North of the Pikes Peak 
region, where it forms shoulders at an elevation of about 10,500 feet, 
it has been completely destroyed along the eastern margin of the range 
by the development of younger erosion surfaces, but is preserved on 
a few monadnocks near the eastern edge of the higher part of the 
range. Where warping has been unimportant this surface usually 
slopes from an elevation of about 10,700 feet close to the Continental 
Divide to a little less than 10,000 feet on the easternmost remnants. 
The Green Ridge peneplain is correlated with Blackwelder’s ** Medi- 
cine Bow peneplain of the Medicine Bow Range, Wyoming (PI. 100, 
fig. 1). The excellent preservation of this erosion surface in the Medi- 
cine Bow Mountains may be the result of a protective blanket of 
early Tertiary sediments which were not stripped off until a later 
cycle. A similar condition may have obtained to a lesser degree in 
the Colorado Front Range. 

At the type locality, where its elevation ranges from about 10,000 
to 10,200 feet, it is a nearly continuous surface from the southern 


uW. T. Lee: op. cit., p. 2. 
%8 Eliot Blackwelder: Cenozoic history of the Laramie region, Wyoming, Jour. Geol., vol. 17 
(1909) p. 429-444. 
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edge of Green Ridge for a distance of about 14 miles northward to a 
point two miles northwest of Little Bald Mountain. Smaller remnants 
of the surface can be easily recognized in the surrounding region. On 
Green Ridge where it bevels pre-Cambrian schists, gneisses, and 
granites, it is a surface of low relief. South of Cache la Poudre River, 
the surface is preserved on the nearly flat spurs extending west and 
northwest from the Mummy Range, and lies at elevations between 
9,800 and 10,000 feet. Above this surface the mountains of the 
Mummy Range rise sharply to the undulating surface of the Flattop 
peneplain, which occurs on or near the summit of the range, from 
1,500 to 2,000 feet above. 

Although the Green Ridge surface is extensive and well developed 
in the crystalline rocks two miles west of Little Bald Mountain in the 
Home quadrangle, its continuation to the northwest is uncertain. A 
strong east-northeast trending fault, which passes through the area 
a short distance north, has dropped Paleozoic and Cretaceous sedi- 
ments down on the northern side. The surface of the hill just north 
of Sand Creek Pass is a dip slope on the Dakota quartzite, and 
although the highest part of this hill has an elevation of approxi- 
mately 10,000 feet, it cannot be demonstrated that it represents a con- 
tinuation of the Green Ridge surface. 

In the central part of the Front Range between Green Ridge and 
the town of Ward, in the southeastern portion of the Rocky Moun- 
tain National Park quadrangle, the Green Ridge peneplain is poorly 
preserved although it is recognizable on a few monadnocks rising 
above the Overland Mountain peneplain and as re-entrants and on 
benches cut below the Flattop surface. South of Ward, however, the 
Green Ridge peneplain is better developed, and its relation to the 
Flattop, Cheyenne Mountain, and Overland Mountain peneplains is 
more distinct. Five miles southwest of Ward, the Green Ridge sur- 
face forms a conspicuous bench at approximately 10,400 feet just 
south of Silver Lake. This bench is approximately 1,000 feet lower 
than the remnant of the lower Flattop peneplain on the long spur ex- 
tending west from Bald Mountain toward Navajo Peak, just north 
of Silver Lake. 

In the northern part of the Central City quadrangle, the Green 
Ridge surface is well preserved on Bryan Mountain, Buckeye Moun- 
tain, Caribou Flat, and Boulder County Hill, and its relation to some 
of the younger surfaces is especially well shown in this region. The 
Cheyenne Mountain surface is represented on several spurs in this 
area, two notable examples being on the east flank of Boulder County 
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Hill and at Windy Gap. At both localities the elevation of the sur- 
face is about 9,700 feet. These benches are about 500 feet below the 
Green Ridge surface nearby. The lower Overland Mountain surface 
is well preserved on Sherwood Flat, where it has an elevation of ap- 
proximately 8,700 feet. 

Farther south in this quadrangle several remnants of the Green 
Ridge surface appear on the divide between South Boulder Creek 
and North Clear Creek. The spurs and broad saddles on the ridge 
extending from Pole Mountain to Colorado Mountain are charac- 
teristic. The higher parts of this ridge apparently represent some- 
what reduced remnants of the lower Flattop surface. The shoulders 
on Dakota Hill at an elevation of about 10,500 feet also represent 
this surface. 

To the east, in the Blackhawk quadrangle, remnants of the Green 
Ridge surface are believed to occur on the summits of Thorodin 
Mountain (PI. 104, fig. 2), Tremont Mountain, and Blackhawk Moun- 
tain (PI. 103, fig. 2). The well-defined shoulders on the flanks of these 
mountains, at elevations ranging from 9,400 to 9,500 feet, probably 
represent the Cheyenne Mountain surface. The elevation of the 
lower Overland Mountain peneplain in this area is about 8,500 feet. 
The relative elevations of the various surfaces in this region indi- 
cate their general tendency to converge toward the eastern margin 
of the range, and suggests that the uplifts which interrupted the vari- 
ous cycles of erosion were less pronounced along the borders of the 
range than near the crest. 

In the Denver Mountain Parks quadrangle, which borders the Cen- 
tral City and Blackhawk quadrangles on the south, the Green Ridge 
surface has a similar general eastward slope. In the north-central] 
part of the quadrangle, along the divide between Clear Creek and 
Bear Creek, the surface is well preserved on Mt. Judge, Hicks Moun- 
tain, and Snyder Mountain, where its elevation ranges from 9,700 to 
slightly more than 10,000 feet. Near the crest of the range, several 
miles west of Mt. Judge, even-topped spurs and prominent benches 
are conspicuous at an elevation of approximately 11,000 feet. They 
are believed to represent remnants of the lower Flattop peneplain. 

Remnants of the Green Ridge surface occur at several localities in 
the western portion of the Platte Canyon quadrangle. In the north- 
ern half of the Lost Creek drainage basin, rejuvenation due to late 
Tertiary and early Pleistocene uplift has not yet affected the streams. 
An abrupt transition occurs in the south-central part of the area be- 
tween the Tertiary drainage level and that caused by the headward 
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erosion from the grade established by the larger streams in Pleistocene 
time. In this sharp transition zone the stream falls at the rate of 
700 feet per mile, although for some distance upstream its grade is 
only 30 feet per mile and downstream it is approximately 150 feet 
per mile. Two miles upstream from the transition zone another sharp 
change in grade occurs, the valley floor rising nearly 200 feet in a 
mile. Above this place a nearly uniform grade of 60 feet per mile 
marks the valley bottom for several miles, nearly to the stream’s 
source. Broad benches, from 250 to 300 feet above the general level 
of the upper portion of Lost Creek, occur where the pre-Pleistocene 
drainage has been little changed, suggesting a broad mature valley 
developed somewhat above 10,000 feet, after the lower Flattop pene- 
plain had formed. It is believed that these benches represent the 
drainage during Green Ridge time, and that the present broad mature 
valleys below them are almost the same as those developed during 
the Cheyenne Mountain erosion cycle. 

In the southwestern portion of the Platte Canyon quadrangle, the 
shoulders at an elevation of about 10,500 feet on the flanks of Tarryall 
Peak are believed to represent the Green Ridge surface. 

The area including Kenosha Pass just northeast of South Park is 
shown on a special topographic map of a portion of the Como 1 and 2 
quadrangles made recently on a scale of 1:48000 by the U. S. Geologi- 
cal Survey. A broad mature valley, presumably formed during Green 
Ridge time, is well shown in the southeastern portion of this map, 
where accordant hills and broad benches occurring at 10,500 feet mark 
the valley floor during this cycle. The divide between South Park 
and the north fork of the South Platte River preserves the Green 
Ridge surface on its crest for a distance of several miles northwest 
of Kenosha Pass. The pass itself, however, is probably on the 
Cheyenne Mountain surface. 


THE CHEYENNE MOUNTAIN PENEPLAIN 


The Cheyenne Mountain peneplain takes its name from the nearly 
even-crested mountain about six miles southwest of Colorado Springs, 
whose summit ranges from 9,300 to 9,560 feet (Pl. 101, fig. 1). On 
the eastern and northern flanks of Pikes Peak (Pl. 99, fig. 1) as well 
as on the crest of the southern portion of the Rampart Range, north 
of the valley of Fountain Creek, well preserved remnants of this ero- 
sion surface occur at the same general elevation. 

In the southern part of the Platte Canyon quadrangle and the 
northern half of the Pikes Peak quadrangle, the Cheyenne Mountain 
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surface has been greatly modified by subsequent erosion but is easily 
recognizable at many places in the broad, smooth and nearly accordant 
hills that rise several hundred feet above the general level of the 
present drainage. It is represented near Divide, in the northeastern 
part of the Pikes Peak quadrangle, where its elevation is from 9,200 
to 9,500 feet. In the northwestern part of this quadrangle, just north 
of Eleven Mile Canyon, relics of the Cheyenne Mountain surface form 
smooth-topped hills at an elevation of approximately 9,600 feet and 
rise from 700 to 1,000 feet above the general level of the Overland 
Mountain surface nearby. South of Eleven Mile Canyon, the Over- 
land Mountain surface and the Cheyenne Mountain surface merge 
in smooth slopes at many places, but remnants of the latter surface 
at approximately 9,500 feet are preserved in monadnocks above the 
younger surface at several localities, notably about three miles east of 
Saddle Mountain. 

The Cripple Creek volcano, now largely destroyed by erosion, was 
approximately contemporaneous with the Florissant lake beds ** of 
Oligocene or lower Miocene age.’? It was developed in an area of 
crystalline rocks on a surface transitional between the Cheyenne 
Mountain and the Green Ridge peneplains. The floor of the volcanic 
pile south and west of the ash-filled throat of the voleano was formed 
chiefly by the Cheyenne Mountain surface now occurring at an eleva- 
tion of about 9,700 feet. This floor rises to an elevation of about 
10,000 feet in Upper Beaver Park just east of the crater (Pl. 99, 
fig. 2). 

North of the Platte Canyon quadrangle the Cheyenne Mountain 
surface is best preserved on isolated monadnocks in the region just 
east of the belt of high country that forms the backbone of the Front 
Range. In the higher parts of the range, it forms nearly flat-topped 
spurs in the walls of the larger streams. In the Denver Mountain 
Parks quadrangle it is represented on the spurs at an elevation of 
about 9,500 feet north of Harris Park, on the mountain at the same 
elevation one and a half miles south and a little east of Black Moun- 
tain, on Bergen Peak, and on Saddleback Mountain. From the lat- 
ter mountain to the westward, on the south sides of Clear Creek and 
Chicago Creek, a series of shoulders, rising in elevation to about 9,800 
feet as the western margin of the quadrangle is approached, are corre- 
lated with this surface. Other spurs which are believed to be rem- 


16 G. F. Loughlin and A. H. Koschmann: op. cit., p. 236. 
7 C. L. Gazin: A marsupial from the Florissant beds (Tertiary) of Colorado, Jour. Pal., vol. 
9 (1935) p. 57 ff. 
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nants of the same peneplain occur at essentially the same elevation 
in the Central City quadrangle along Fall River, South Boulder Creek, 
and North Boulder Creek. Those about two miles southwest of El- 
dora and on Eldorado Mountain, in the northeastern portion of the 
quadrangle, are typical. 

To the east, in the Blackhawk quadrangle, the Cheyenne Mountain 
surface is preserved about two miles north of the town of Blackhawk 
on Dory Hill and a larger hill one mile southeast, at an elevation of 
approximately 9,500 feet. The peneplain can be traced northeast 
from this hill on the series of nearly accordant spurs along the south- 
eastern side of Tremont Mountain, whose summit probably repre- 
sents a partially reduced remnant of the Green Ridge peneplain. 
The elevation of the Cheyenne Mountain surface on a shoulder on the 
southeast side of Miramonte Mountain in the central part of the quad- 
rangle is about 9,400 feet. The conspicuous shoulders at 9,500 feet 
on the flanks of Blackhawk Mountain and Thorodin Mountain (PI. 
104, fig. 2) are believed to represent the same peneplain. 

In the Boulder quadrangle the surface has been almost completely 
destroyed during the later cycles of erosion, but the spur just north- 
west of the Ironclads near the western edge of the map may be a 
remnant of it. 

The best known representatives of the surface in the Home quad- 
rangle occur in its north-central portion as nearly even-topped ridges 
at an elevation of from 9,200 to 9,600 feet south and southeast of the 
Eaton Reservoir (PI. 105, fig. 1). 

The Cheyenne Mountain peneplain is correlated tentatively by the 
writers with the Pole Mountain surface of Blackwelder*® in the 
Laramie Range of Wyoming. The type locality of the latter surface 
is on Pole Mountain, at an elevation of approximately 9,000 feet in 
the west-central portion of the Sherman quadrangle (Pl. 102, fig. 1). 


THE OVERLAND MOUNTAIN PENEPLAIN 


The type locality of the Overland Mountain peneplain is the sum- 
mit of the mountain of this name located about two miles northwest 
of Jamestown in the west-central part of the Boulder quadrangle 
(Pl. 101, fig. 2). The elevation of the surface here ranges from 8,500 
to 8,700 feet. The topography in this general area suggests that this 
cycle did not pass beyond the late mature stage except possibly near 
the eastern edge of the mountains. 


18 Eliot Blackwelder: op. cit., p. 432. 
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There is considerable evidence that the surface preserved on Over- 
land Mountain was formed by the uplift and dissection of a closely 
related surface only a few hundred feet higher, and well below the 
general level of the Cheyenne Mountain surface. A remnant of the 
supposed higher surface appears east of Tumbleson Lake three miles 
southwest of Overland Mountain at an elevation of about 9,000 feet 
(Pl. 101, fig. 2). It is possible that further study will justify the 
separation of the higher surface as a distinct peneplain. 

In the present paper the Overland Mountain peneplain is consid- 
ered as compound in character, the higher member being designated 
as the upper Overland Mountain surface and the lower as the lower 
Overland Mountain surface. At some localities the data are not suffi- 
cient to justify the differentiation of the surface into two parts. 

Locally the two members grade gradually into one another, but at 
many places they have a step-like relationship. As would be ex- 
pected, the lower surface is the more extensive and more easily recog- 
nized of the two. 

The Overland Mountain surface is equivalent in large part to the 
Rocky Mountain peneplain of Lee ’® and the South Park peneplain of 
Fenneman,”° as those terms are generally used. The writers believe, 
however, that the former term should be abandoned for the reason 
that, as defined, it includes the Green Ridge, the Cheyenne Mountain, 
the Overland Mountain, the Bergen Park, and the Flagstaff Hill sur- 
faces and thus represents at least five cycles of erosion rather than 
one. Furthermore, the term “Rocky Mountain peneplain” does not 
refer to any specific locality and seems too vague for detailed physio- 
graphic correlation. The term “South Park peneplain” was proposed 
as a substitute for the indefinite term “Rocky Mountain” but, like it, 
includes several erosion surfaces and for this reason is not wholly 
satisfactory. 

The Overland Mountain surface is well developed along the east- 
ern side of the Front Range for a long distance, north and south of 
the type locality, and is believed to be present in the Laramie Range 
of Wyoming. 

The Overland Mountain peneplain is much dissected close to the 
eastern front of the mountains as a result of later cycles of erosion 
and is best preserved farther west close to the transition zone between 
it and the Cheyenne Mountain and Green Ridge surfaces. Just east 
of this transition zone there are commonly extensive flats, or “parks,” 


2W. T. Lee: op. cit., p. 2. 
2N. M. Fenneman: op. cit., p. 97-98. 
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whose level is essentially that of the Overland Mountain surface 
though locally they belong to the later Bergen Park stages. 

In places the older peneplains have been largely destroyed and 
re-entrants of the Overland Mountain peneplain approach within a 
few miles of the Continental Divide. This is especially true along 
the larger streams. In some places it merges smoothly with the 
ulder peneplains, but more commonly it forms distinct benches or 
flats, several hundred feet below the Green Ridge and Cheyenne 
Mountain surfaces. 

In the vicinity of the type locality of the Overland Mountain sur- 
face several examples of the lower member occur; viz., on the divide 
just south of Buck Gulch, on the spur at 8,500 feet on the east side 
of The Ironclads, at Miller Rock, at Gold Lake, on the divide at the 
village of Gold Hill, and on the divides just southwest and southeast 
of Bald Mountain near Sugarloaf postoffice. The summit of Bald 
Mountain at 9,000 to 9,135 feet is believed to be a remnant of the 
upper Overland Mountain peneplain. Another remnant of the higher 
member of the compound surface appears on the top of The Ironclads. 

The town of Allens Park, in the southeastern portion of the Rocky 
Mountain National Park quadrangle, is on a remnant of the lower 
Overland Mountain surface, which is highly dissected in this area. 
The summit of Deer Ridge (9,000 feet) two and a half miles north 
is correlated with the upper Overland Mountain surface. 

East of the Rocky Mountain National Park, in the Mt. Olympus 
quadrangle, both the upper and the lower Overland Mountain sur- 
faces are well preserved at several places. The large shoulders well 
up on Roderick Hill, at an elevation of 8,900 to 9,000 feet, are corre- 
lated with the upper surface, but its preservation at this locality is 
probably due to the presence of pegmatite which is more resistant 
to erosion than the surrounding schist. The benches on the same 
mountain at about 8,600 feet are referred to the lower member. One 
mile north of Moose Mountain a large remnant of the lower surface 
occurs on the divide between Hell Canyon and Muggins Gulch. The 
summit of Pole Hill in the central portion of the map is also a rem- 
nant of this surface, but the top of the ridge one mile west is referred 
to the upper member. Numerous other remnants of both surfaces 
occur at corresponding elevations in the western two-thirds of the 
quadrangle. 

In the northwestern portion of the Blackhawk quadrangle the gen- 
eral character of the lower Overland Mountain surface is similar to 
that of the type locality and varies in elevation from about 8,400 to 
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8,700 feet. About one and a half miles southeast of Nederland, a 
monadnock rises approximately 400 feet above the level of this sur- 
face to an elevation of 8,922 feet. This monadnock, locally known as 
Tungsten Hill, is covered with deeply weathered gravel to a depth of 
approximately 50 feet. The majority of the pebbles in the gravel are 
well rounded and less than 4 inches in diameter. Rounded boulders 
2 feet in diameter are not uncommon, however, and there are a few 
subangular boulders that measure as much as 15 feet in greatest 
diameter. Many of the pebbles consist of a coarsely porphyritic quartz 
monzonite porphyry, characteristic of the early Eocene stocks found in 
a narrow, northeasterly trending belt. extending from Breckenridge to 
Boulder. The nearest porphyry mass from which these boulders could 
have been derived is found on Ute Mountain, five miles due west. 
Stocks of this type are unknown to the east. It is evident, therefore, 
that the pebbles were derived from the mountains to the west. The 
large size of some of the boulders suggests a glacial deposit, but the 
boulders could have been moved by swiftly flowing mountain streams. 
The oldest Pleistocene glacial drift recognized in this vicinity occurs 
on the slopes of Middle Boulder Creek near Nederland, up to an eleva- 
tion of only 8,525 feet. Above this elevation, glacial deposits are 
entirely absent on the gently undulating, poorly drained topography 
charactertistic of the Overland Mountain peneplain which surrounds 
the gravel covered monadnocks. It seems certain that the gravel in 
question is of pre-Pleistocene age. Other remnants of the gravel can 
be found in a narrow, easterly trending belt capping the higher hills 
for several miles to the east, extending to a hill about five miles west 
of the mountain front, where the elevation of the gravel is about 7,900 
feet. No large boulders occur in the gravel east of the monadnock 
discussed above, however, and nearly all pebbles are less than six 
inches in diameter. The bedrock floor falls to the eastward at ap- 
proximately 150 feet per mile, but this slope is probably due in part 
to later warping. Similar gravels have not been found nearby, al- 
though some of the hills rise to a higher elevation. The position and 
character of the material indicates an ancient river gravel antedating 
the development of the lower Overland Mountain surface. It is sug- 
gested that the valley in which the gravel was deposited was cut 
during, or immediately after, the uplift that interrupted the upper 
Overland Mountain, or even the Cheyenne Mountain, cycle, and that 
the gravel was deposited prior to the development of the lower Over- 
land Mountain surface. 
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As the lower Overland Mountain surface was developed after the 
gravel was deposited and is at a much higher elevation than the 
eastern part of the gravels, the lower course of the ancient stream 
channel must have been deeply filled with gravel before the base level 
of the lower Overland Mountain stage was established. As this stage 
is believed to be middle Oligocene in age, the gravels are correlated with 
the lower Oligocene, although no fossils have yet been found in them. 

Deep erosion occurred on the eastern and western flanks of the moun- 
tains prior to the deposition of lower Oligocene deposits which now 
occur at about 7,000 feet along the eastern border of the crystalline rocks 
in northern Colorado and southern Wyoming. This was followed by 
broad alluviation on the plains and valley-filling within the moun- 
tains. Peneplanation of the surrounding region then occurred well 
above the level of the old valley bottoms. This history harmonizes 
with that suggested for the Tungsten Hill gravels. A climatic change 
to a more arid condition might account for such a fluctuation in base 
level. If the interpretation suggested above is correct, it implies 
that very little differential movement has occurred along the eastern 
mountain front since lower Oligocene time. 

In the southern two-thirds of the Blackhawk quadrangle, remnants 
of the Overland Mountain surfaces appear at several localities. The 
most typical representative of the upper member is the broad divide 
at 9,000 to 9,200 feet, about one and a half miles northwest of Tremont 
Mountain. The nearly flat-topped hill ranging from 8,400 to 8,500 
feet in elevation, one mile southeast of Golden Peak, is referred to 
the lower Overland Mountain surface. Numerous spurs at about 
8,700 feet in the southwestern portion of the quadrangle are also cor- 
related with this surface. 

The lower Overland Mountain peneplain is well developed in the 
northeastern portion of the Central City quadrangle, especially in the 
area just north and south of Nederland. There its general elevation 
ranges from 8,500 to 8,700 feet. Several spurs in this area, at eleva- 
tions between 9,000 and 9,100 feet, and the ridge just southwest of 
Rollinsville are referred to the upper Overland Mountain surface. 

Remnants of both members of the Overland Mountain peneplain 
appear at several localities in the Denver Mountain Parks quadrangle. 
In the higher portion of the range which occupies the western half of 
the quadrangle they occur almost entirely as shoulders and spurs, but 
in the lower country to the east both surfaces appear chiefly on the 
summits of monadnocks. 
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The relation of the two surfaces to each other is well shown in the 
area just west and northwest of Brook Forest in the south-central 
part of the quadrangle. The upland flats and spurs at an elevation 
from 8,600 to 8,700 feet are referred to the lower member; the well- 
defined spur one and a half miles west-northwest of the town, at an 
elevation from 9,100 to 9,200 feet, is ascribed to the upper surface. 
A similar relation of the two surfaces is found one and a half miles 
southeast of Brook Forest. 

In the southeastern portion of the quadrangle, Berrian Mountain, 
Legault Mountain, and the nearly flat-topped monadnock just west 
of Legault Mountain preserve the upper Overland Mountain surface. 
They have an elevation ranging from 9,000 to 9,100 feet. The sum- 
mit of Huebner Peak and the mountain adjoining it on the west rise 
to a little more than 8,600 feet and are correlated with lower Over- 
land Mountain surface. 

In the north-central part of the quadrangle the upper surface is be- 
lieved to be represented by the shoulder on the southeast flank of 
Saddleback Mountain, at an elevation from 8,800 to 9,000 feet. One 
and a half miles northeast of this shoulder is a large flat-topped 
mountain with an elevation from 8,300 to 8,600 feet. The summit 
of this is considered to be a remnant of the lower Overland Mountain 
surface. 

West of the Continental Divide in the eastern part of the Fraser 
quadrangle, prominent benches and spurs showing a distinct slope 
toward Middle Park occur between elevations of 9,750 and 10,200 
feet. Although at the present time correlations must be regarded as 
somewhat uncertain, it is probable that both the Cheyenne Mountain 
and the upper Overland Mountain surfaces are represented on these. 
They are developed on crystalline rocks and are definitely older than 
the lower Miocene sediments which were deposited in a broad basin 
below the level of the lowermost of these surfaces. 

Additional benching occurs at about 9,500 feet in this area. A 
bench at this elevation, one and a half miles east of Byers Ranger 
Station, is apparently younger than tilted volcanic ash beds whose 
age is uncertain but is probably Oligocene. In the area southwest of 
Granby the same surface is developed on crystallines at an elevation 
of 9,300 to 9,400 feet, and slopes basinward. This peneplain may 
represent the lower Overland Mountain or possibly the upper Bergen 
Park. The data are insufficient to justify definite correlation. 

It is interesting to note that all erosion surfaces below the level 
of the Green Ridge peneplain appear to be at a distinctly higher 
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elevation on the west side of the range than the equivalent surfaces 
on the eastern side. The relatively high elevation of the valley bot- 
toms of the streams of the present cycle probably reflects this history. 

In general, the Overland Mountain surface is neither so extensive 
nor so well preserved in the southern portion of the Front Range as 
it is in the central and northern parts. Furthermore, its compound 
character is not so apparent at many localities. 

It is developed best as broad benches near the larger streams, the 
upper member appearing at about 8,800 to 9,000 feet and the lower 
at 8,500 to 8,700 feet. The two members merge locally with each 
other, or even with the Cheyenne Mountain surface, along relatively 
smooth gentle slopes, thus making differentiation difficult or impos- 
sible. One would fail to recognize the presence of two major cycles 
at this general level throughout much of the southern part of the 
Front Range were it not for the excellent preservation of the Cheyenne 
Mountain surface at some localities, standing abruptly above the 
Overland Mountain surface with re-entrants of such character as to 
exclude the possibility of a fault relationship. The topographic map 
of the Platte Canyon quadrangle is too generalized to show satisfac- 
torily the relationships of the surfaces to each other, but it is possible 
to observe their association to excellent advantage in the field from 
the summit of Devils Head, in the east-central part of the quadrangle. 
This peak has an elevation of 9,348 feet and is believed to represent 
an isolated remnant of the Cheyenne Mountain surface which is so 
well developed a few miles to the southeast. The lower Overland 
Mountain surface appears on the mountains just east and northeast 
of Devils Head, at elevations of about 8,200 and 8,400 feet respec- 
tively, and on the west flank of Thunder Butte at about 8,500 feet. 
A well defined shoulder representing the same surface occurs at 8,450 
feet on the northeast flank of Manitou Park. Two miles northwest 
of Signal Butte the summit of the ridge at about 9,050 feet may be 
of upper Overland Mountain age. South of Tarryall Creek near its 
junction with the South Platte River there is an excellent remnant 
of the lower member at an elevation of about 8,500 feet. 

In the southwestern portion of the Castle Rock topographic sheet 
the surfaces are more adequately portrayed. The spurs extending to 
the north and south of Storm Peak at 8,900 feet and the series of 
ridges at about 9,000 feet, appearing at intervals for many miles to 
the southward, are referred to the upper Overland Mountain surface. 
The nearly smooth skyline of the mountain front caused by this sur- 
face in this area is a striking topographic feature as seen from an 
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airplane over the plains between Castle Rock and Colorado Springs 
(Pl. 103, fig. 1). The benches in this area at 8,400 to 8,600 feet may 
represent the lower Overland Mountain surface. As pointed out on a 
previous page, the mountains which appear at approximately 9,300 
to 9,500 feet, between Cheyenne Mountain and Pikes Peak, rise to 
the level of the Cheyenne Mountain surface. 

In the northern part of the Pikes Peak quadrangle, the topography 
has been little modified since Miocene time. Near Florissant the 
general elevation of the lower Overland Mountain peneplain is ap- 
proximately 8,500 feet, although it is far from being a level surface 
in this region. The lower Overland Mountain surface is cut here by a 
broad, mature valley in which the Florissant Lake beds were de- 
posited, probably in early Miocene time. As the valley which received 
these sediments is well below the general level of the lower Overland 
Mountain surface in this region, it is tentatively correlated with the 
upper Bergen Park surface. 

From the Florissant area the lower Overland Mountain surface can 
be traced up the valley of South Platte River into South Park, where 
it bevels the pre-Cambrian crystalline rocks at an elevation of approx- 
imately 8,700 feet, just northwest of the western end of Eleven Mile 
Canyon. The well defined shoulders at about 9,000 feet in the area 
just south of Eleven Mile Canyon are correlated with the upper Over- 
land Mountain surface. 

In the northern portion of the Front Range of Colorado, evidence 
of the Overland Mountain episodes are less perfectly preserved than 
in the central portion. However, numerous shoulders and spurs occur 
along the larger streams at the general elevation of the surfaces 
farther south. The shoulders on the northeast flank of the high ridge 
in the extreme southwestern portion of the Livermore quadrangle are 
typical. The summit of the ridge has an elevation varying from 
10,500 to 10,700 feet, and is tentatively referred to the Green Ridge 
peneplain. The spur at 9,500 to 9,600 feet, just west of Ballards 
Sawmill, may represent the Cheyenne Mountain peneplain; the spur 
at 9,000 feet, just northeast of the sawmili, the upper Overland Moun- 
tain surface; and the one at 8,500 feet, one mile northeast of the saw- 
mill, the lower Overland Mountain surface. 

A similar succession of spurs occurs on both flanks of White Pine 
Mountain, five miles north of the previously described ridge. Poverty 
Flat and other broad shoulders in this area at an elevation of about 
8,000 feet are considered to be remnants of the upper Bergen Park 
surface. 
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In the Home quadrangle, which adjoins the Livermore quadrangle 
on the west, the general elevation is much higher, and the remnants 
of the Overland Mountain surfaces are confined chiefly to the walls 
of the larger valleys in the eastern and northern portions of the area. 
One mile west of the town of Manhattan, which is in the east-central 
portion of the quadrangle, a remnant of the upper Overland Mountain 
surface is preserved at 9,000 feet. To the northward it appears to 
merge with the lower Overland Mountain surface. Mitchell Lakes, 
five miles north of Manhattan, are apparently developed on the lower 
surface. Other remnants of the Overland Mountain surfaces are 
found east and southeast of Green Mountain in the northeastern por- 
tion of the quadrangle. 

A few miles to the north, in the southeastern portion of the Laramie 
quadrangle of Wyoming, the Overland Mountain cycle is represented 
by the surface preserved on the top of Boulder Ridge. 

In the west-central portion of the Sherman quadrangle, to the east, 
the Overland Mountain surfaces are apparently represented by the 
broad divide west of the Sherman Mountains, at elevations from 8,500 
to 8,800 feet. The summit of Pole Mountain, the Pole Mountain pene- 
plain of Blackwelder,?* which has an elevation of about 9,000 feet, is 
tentatively correlated with the Cheyenne Mountain surface. 


THE BERGEN PARK PENEPLAIN 


This peneplain takes its name from Bergen Park, a prominent 
physiographic feature in the Denver Mountain Parks. The surface 
appears to be compound in character, the lower portion being equiva- 
lent to the Park stage of Little.2? In view of the fact that some of 
the “parks” of the Front Range are related to surfaces both older 
and younger than that here considered, a more specific designation 
of the cycle seems desirable. 

The gently undulating surface of Bergen Park proper at an eleva- 
tion from 7,500 to 7,800 feet has apparently been developed by the 
uplift and dissection of a surface now preserved on the ridges to the 
north and east at an elevation of about 8,000 feet. The pronounced 
shoulders on Genesee Mountain and at numerous places elsewhere in 
the eastern portion of the Denver Mountain Parks quadrangle are 
remnants of the upper surface also. The summit of Lookout Moun- 
tain, the elevation of which varies from 7,300 to 7,600 feet is cor- 
related with the lower Bergen Park surface. Many other remnants 


21 Eliot Blackwelder: op. cit., p. 432. 
2H, P. Little: op. cit., p. 504. 
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appear along the mountain front (Pl. 103, fig. 2) and in the walls 
of Clear Creek and Bear Creek. 

At many localities in the Platte Canyon quadrangle the two Bergen 
Park surfaces appear to merge, and the lower surface is not every- 
where sharply set off from the Flagstaff Hill surface. The various 
surfaces can be clearly distinguished at several places, however. 
Along the north side of the valley of the North Fork of the South 
Platte River, in the northern part of the quadrangle, the upper Bergen 
Park surface forms conspicuous flat-topped spurs at an elevation of 
about 8,000 feet. At many localities these are benched by the lower 
Bergen Park surface. The area east of Brilby Butte is characteristic 
(Pl. 98, fig. 1). On the south side it is less perfectly developed, but 
can be recognized on the spur north of Little Scraggy Peak, where its 
elevation ranges from about 7,900 to 8,000 feet. It is also well shown 
on the ridge east of Platte Mountain or Devils Head, where its gen- 
eral elevation is close to 8,000 feet for several miles. It is preserved 
west and south of Devils Head close to the main valley of the South 
Platte River, as broad benches ranging in elevation from slightly less 
to somewhat more than 8,000 feet. The lower Bergen Park surface 
accords with the ridge north of Devils Head and has an elevation of 
about 7,500 feet at this locality. 

Signal Butte, a Miocene volcanic plug located in the south-central 
portion of the Platte Canyon quadrangle, appears to have been formed 
after the development of broad valleys of upper Bergen Park age. 
The volcano and some of its associated volcanic breccias occupy val- 
leys cut below the level of the lower Overland Mountain surface. 

South of Perry Park in the west-central part of the Castle Rock 
quadrangle, the upper Bergen Park surface forms benches and spurs 
whose elevations range from 8,000 to 8,300 feet. The prominent 
surface about 500 feet higher is referred to the lower Overland Moun- 
tain surface. The less strongly defined surface at about 7,500 to 
7,700 feet is correlated tentatively with the lower Bergen Park. 

It is believed that the summits of the hills and ridges underlain by 
the Dawson (Eocene) formation east and north of Palmer Lake at 
an elevation of from 7,500 to 7,600 feet represent remnants of the 
lower Bergen Park surface. The crest of the divide at the same eleva- 
tion in the south-central part of the quadrangle is referred to this 
surface also. 

In the Pikes Peak quadrangle, evidence of broad valleys belonging 
to the upper Bergen Park surface has been found at several localities. 
The Florissant lake sediments occupy such a valley developed below 
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the lower Overland Mountain peneplain, remnants of which occur at 
an elevation of about 8,600 feet both north and south of the lake beds. 

North of the latitude of Denver both members of the Bergen Park 
surface may be seen at many localities on the eastern flank of both 
the Front and the Laramie ranges. 

In the south-central portion of the Blackhawk quadrangle an ex- 
tensive portion of the upper surface appears on both sides of Elk 
Creek at an elevation of from 7,900 to 8,100 feet. The summit of 
Guy Hill, about one mile to the eastward, is also correlated with this 
surface. The nearly flat-topped spur at an elevation of about 8,000 
feet, one and one-fourth miles northeast of Guy Hill, is another ex- 
cellent example. The lower Bergen Park surface is well preserved on 
both sides of Crawford Gulch at about 7,600 feet in the southeastern 
portion of the quadrangle. Both surfaces appear in the area between 
South Boulder and North Boulder creeks and can be studied to good 
advantage from the summit of Sugarloaf Mountain (Pl. 104, fig. 2) in 
the southern portion of the Boulder quadrangle. 

The upper Bergen Park surface appears as shoulders on the south 
and northeast flanks of Sugarloaf Mountain at 8,000 feet, in the south- 
ern part of the Boulder quadrangle. The benches below the summits 
of Logan Hill and Arkansas Mountain represent the lower surface. 

Along North St. Vrain Creek in the northern part of the quadrangle 
both the upper and the lower Bergen Park surfaces are well pre- 
served. Cook Mountain and the spur one and a half miles north 
correspond to the lower surface, and Coffintop Mountain and the 
broad divide to the west accord with the upper surface. 

In the south-central portion of the Mt. Olympus quadrangle, which 
is located directly north of the Boulder quadrangle, the two surfaces 
may be observed in their normal relations to one another on the divide 
just west of Little Elk Park. The summit of the ridge at 8,000 to 
8,100 feet is referred to the upper Bergen Park surface; the spurs on 
its east and northeast flanks at 7,500 to 7,600 feet are believed to 
represent the lower surface. Similar examples may be found at 
corresponding elevations on the northeast flank of Pole Hill in the 
central part of the quadrangle. The summit of Pole Hill and the hill 
to the north are believed to be remnants of the lower Overland Moun- 
tain surface. Other spurs and rock shoulders of Bergen Park age 
occur on the northwesterly-trending ridges south of Thompson River 
a few miles northeast of Pole Hill. 

Around the borders of Estes Park, which extends from the western 
portion of the Mt. Olympus quadrangle into the eastern portion of the 
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Rocky Mountain National Park quadrangle, there are numerous erosion 
remnants and discontinuous rock shoulders at elevations from 8,000 to 
8,200 feet, which have resulted from the dissection of the upper Bergen 
Park surface. The broad abandoned valley half a mile south of Mt. 
Pisgah was probably developed during the early part of the Bergen 
Park cycle by a stream which was beheaded during the later part of 
this compound cycle. The present surface in the vicinity of the town 
of Estes Park is considered to represent the somewhat reduced lower 
Bergen Park surface. 

In the northern portion of the Front Range of Colorado, several 
typical examples of the Bergen Park surfaces are preserved in the Liver- 
more quadrangle. One of the most representative of the remnants of 
the lower surface is the shoulder on the southwest flank of Robbers 
Roost at an elevation of 7,500 feet. The broad divide at about 7,400 
feet, two miles east, is also referred to this surface. The top of Robbers 
Roost (8,000 feet) is correlated with the upper Bergen Park surface 
(Pl. 105, fig. 1). 

To the north in the Sherman quadrangle of Wyoming, Blackwelder ** 
has described a well defined erosion surface below the level of the Pole 
Mountain peneplain, under the name of the Sherman peneplain. Rem- 
nants of this occur at Sherman and on the undulating surfaces of the 
benches from 7,900 to 8,050 feet in elevation east and southeast of 
Pole Mountain (Pl. 105, fig. 2). This peneplain is believed to be of 
the same age as the upper Bergen Park surface. Along the eastern 
margin of the range the Sherman surface was almost completely de- 
stroyed during the development of the broad valleys of the Leslie 
stage,** which is tentatively correlated with the lower Bergen Park 
surface. 

The Leslie surface, which at many localities merges with the Sher- 
man peneplain in such a way as to give the appearance of one sloping 
surface, extends eastward from the Sherman granite over the highly 
deformed Paleozoic and Mesozoic strata and then passes out over the 
Oligocene and lower Miocene sediments of the plains. It has been con- 
siderably dissected during later cycles of erosion. 

Mesa Mountain, at the eastern margin of the Laramie Range, rises 
about 200 feet above the level of the lower surface and is considered 
to be a remnant of the Sherman (upper Bergen Park) surface that here 
truncates a gentle syncline developed in Carboniferous limestones and 
sandstones. 


*3 Eliot Blackwelder: op. cit., p. 434 ff. 
% Op. cit., p. 438 ff. 
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In this area the Miocene and later sediments give evidence of wide- 
spread pedimentation during their deposition whereas the underlying 
Oligocene sediments were apparently deposited under more humid con- 
ditions. As the general level of the upper Bergen Park surface is only 
slightly below that of the Overland Mountain peneplain in this area, 
pedimentation may have resulted in the merging of the two erosion 
surfaces at many places. A similar relationship apparently holds for 
the upper and lower Bergen Park surfaces. As a result, considerable 
difficulty is experienced in distinguishing one surface from another 
and in making accurate correlations on the eastern side of the Laramie 
Range. Thus, some physiographers may conclude that the Mesa 
Mountain surface is as old as the Overland Mountain peneplain, but 
the present studies lead the writers to regard it as equivalent to the 
upper Bergen Park surface. This interpretation is based largely upon 
the relation of remnants of the latter surface in the Sherman quadrangle 
of Wyoming to those immediately south of the State line in the Rob- 
bers Roost area of the Livermore quadrangle of Colorado. 

The eastward slope of these surfaces (70 to 80 feet per mile) in this 
area is probably due in part to the initial slope of the pediments. 

West of the Continental Divide in the Fraser quadrangle the Bergen 
Park surface cannot be definitely identified because of the distinctly 
higher elevation of the lower erosion surfaces on this side of the range, 
as compared to that on the eastern side. A few miles southwest of 
Fraser several benches occur at about 9,100 feet. These are in part on 
crystalline rocks and in part on the lower Miocene sediments. It is pos- 
sible that they represent the lower Bergen Park surface. A few miles 
west of Tabernash, remnants of a broad valley floor, now considerably 
dissected, occur at an elevation of 8,700 to 8,800 feet. This is developed 
on lower Miocene strata as well as on the crystalline rocks. It was 
probably formed during the succeeding Flagstaff Hill cycle. 


THE FLAGSTAFF HILL BERM 


The type locality of the Flagstaff Hill berm is on Flagstaff Hill about 
one mile southwest of the city of Boulder (PI. 106, fig. 2). The devel- 
opment of this surface was interrupted before the interstream areas 
had been much reduced in elevation, and it is represented chiefly by 
remnants of broad mature valleys cut several hundred feet below the 
general level of the lower Bergen Park surface. Near the eastern edge 
of the mountains in the middle part of the Front Range of Colorado it 
has an elevation of approximately 7,000 feet along the larger streams. 

Numerous remnants of the Flagstaff Hill berm are also well pre- 
served on nearly accordant spurs and benches along the mountain front, 
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in the Boulder, Blackhawk, and Denver Mountain Parks quadrangles. 
The elevation of these is commonly from 7,000 to 7,200 feet. Although 
this surface is less and less easily distinguished from the lower Bergen 
Park peneplain as it is followed upstream, it is believed to represent a 
distinct episode in the erosional history of the range. 

The benches seldom attain a width of more than a mile but are con- 
spicuous and readily recognizable features of the landscape at many 
places. They usually occur from 300 to 500 feet below the level of the 
lower Bergen Park peneplain and approximately 500 feet above the Mt. 
Morrison berm. From the type locality the surface can be traced sev- 
eral miles to the west along Middle Boulder Creek. Pronounced shoul- 
ders jutting into the valley, several hundred feet below the Bergen 
Park surface, can easily be seen from the top of Flagstaff Hill. 

One mile southeast of Sunshine in the south-central portion of the 
quadrangle the surface occurs on Emancipation Hill. Three miles 
northeast of the last named locality a better example occurs at an ele- 
vation from 6,900 to 7,100 feet on the divide between Lefthand Creek 
and Sixmile Canyon. In the north-central part of the quadrangle it 
appears at several localities on both sides of St. Vrain Creek, the most 
notable ones being at Smithy Mountain and on the spur half a mile 
north. 

In the Mt. Olympus quadrangle it is confined largely to the eastern 
half of the area and is best developed on the spurs and divides at about 
7,000 to 7,200 feet in the vicinity of Rattlesnake Park. 

The best known remnants of the surface in the Livermore quadrangle 
are the two nearly flat-topped hills at elevations of 7,000 to 7,200 feet, 
three and four miles south of Virginia Dale in the northwestern por- 
tion of the quadrangle. The broad flat east of Robbers Roost (Pl. 105, 
fig. 1) is also typical. 

In the eastern part of the Denver Mountain Parks quadrangle the 
greatly dissected mature valleys of the Flagstaff Hill cycle may be 
recognized along several of the larger creeks, but are best preserved 
in the walls of Clear Creek and Bear Creek. 

The summit of Mt. Zion, one and a half miles southwest of Golden, 
is a remnant of this surface. Other good examples occur on the spurs 
on both sides of Clear Creek, at an elevation from 7,000 to 7,200 feet, 
for several miles upstream (PI. 104, fig. 1). 

The spur on the south flank of Mt. Morrison, one and a half miles 
northwest of the town of Morrison, at an elevation of about 7,100 feet, 
is representative. A similar remnant occurs on the west side of the 
mountain at essentially the same elevation. Others appear on both 
sides of Bear Creek to the west. 
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An excellent opportunity to observe the surface in association with 
the adjacent lower Bergen Park and Mt. Morrison surfaces is afforded 
at the mouth of Deer Creek in the southeastern portion of the quad- 
rangle. 

The Flagstaff Hill surface is well developed in the Platte Canyon 
quadrangle in the walls of both South Platte River and its north fork. 
It occurs at the normal elevation at numerous places, but the topo- 
graphic map of the area is too generalized to portray satisfactorily its 
relation to adjacent erosion surfaces. 

In the Canon City quadrangle the broad plateau trenched by the 
Royal Gorge west of Canon City (PI. 106, fig. 1) is correlated with the 
Flagstaff Hill berm. There is a possibility that this is, in part, an 
exhumed surface, but Powers,”® like the writers, considers it a distinct 
erosion surface. 

It is probable that this surface was much more perfectly developed 
in the softer sediments bordering the mountains than in the crystalline 
rocks. The summit of Green Mountain, three miles southeast of Golden, 
is a nearly level surface rising to a little more than 6,900 feet, and may 
represent a remnant of an imperfect peneplain developed on the sedi- 
ments during the Flagstaff Hill cycle. An alternative explanation is 
that the soft sediments of the Denver formation have been protected 
by a nearly horizontal conglomerate bed which appears at this elevation. 


THE MT. MORRISON BERM 


During the Mt. Morrison cycle of erosion, broad valleys were devel- 
oped in the crystalline rocks along the larger streams near the eastern 
border of the range to a depth of several hundred feet below the Flag- 
staff Hill berm, and a partial peneplain was cut in the softer sediments 
east of the mountain front. The surface was first recognized in the 
southern portion of the Front Range by Van Tuy] and Coke,”* although 
the cycle in which this surface formed was previously recognized in the 
northern portion of the range by Mather,?" and named the Alford cycle. 

At the type locality the surface appears as a pronounced shoulder on 
the east flank of Mt. Morrison about seven miles south of Golden. Here 
it truncates steeply tilted Fountain sandstones at an elevation of ap- 
proximately 6,700 feet (Pl. 96). It forms well defined benches whose 
elevation along the major streams where they enter the foothills belt is 
from 6,400 to 6,500 feet. The corresponding surface in the inter-stream 


% W. E. Powers: op. cit., p. 190. 

2F, M. Van Tuyl and J. M. Coke: The late Tertiary physiographic history of the High 
Plains of Colorado and New Merzico, Colo. Sci. Soc., Pr., vol. 13, no. 1 (1932) p. 19-25. 

27K. F. Mather: Physiographic surfaces in the Front Range of northern Colorado and their 
equivalents on the Great Plains (abstract), Geol. Soc. Am., Bull., vol. 36 (1925) p. 134-135. 
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areas is somewhat higher, but is generally less than 6,700 feet, although 
at Coal Creek, nine miles north of Golden, and in the area about ten 
miles south of Colorado Springs, it reaches an elevation of about 6,800 
feet. This surface is the earliest one on the east flank of the Front 
Range of Colorado that shows evidence of development through pedi- 
mentation. 

The Mt. Morrison surface was undoubtedly much more perfectly 
developed on the sedimentary rocks to the east of the mountains than 
in the crystalline rocks. The higher section of the Dakota hogback 
rises to approximately its general level at many places. The tilted 
strata of unequal hardness appear to have been truncated during the 
erosion that produced the mature valleys in the crystalline rocks to 
the west. The surface is easily recognized where it bevels slightly 
tilted Denver beds on the flanks of Green Mountain just east of the type 
locality, but is not readily identified farther east, where the sedimentary 
rocks are nearly horizontal. The difficulty of distinguishing the Mt. 
Morrison surface in such localities is due to the presence of interbedded 


hard and soft sediments and the sculpturing of rock benches by the 


differential erosion of such layers. The Table Mountains in the vicinity 
of Golden rise to the general level of this surface, but this is accidental 
and is due to the coincidence in elevation of nearly horizontal basaltic 
lava flows. 

There is evidence that the Oligocene Castle Rock conglomerate south 
of Denver, as well as part of the underlying Dawson arkose, rose above 
the general level of the Mt. Morrison surface and that this region then, 
as now, formed a divide between the drainage of the ancestral Platte 
River and the ancestral Arkansas River. 

Benches and spurs at the general elevation of this surface are easily 
recognized in the valleys of Bear and Clear creeks near the type locality 
in the Denver Mountain Parks quadrangle (PI. 107, fig. 1). As they 
are followed upstream they rise slightly, but their slope is distinctly less 
than that of the present valley bottoms so that they disappear within 
a few miles of the mountain front. 

In the Boulder quadrangle, several remnants of the surface occur at 
an elevation of 6,400 to 6,500 feet on both sides of Fourmile Creek, a 
few miles west of Boulder. The most striking of these is located one 
mile west of Orodell (PI. 106, fig. 2). Other examples are to be found 
along North St. Vrain Creek in the northeastern portion of the quad- 
rangle. The pronounced shoulder at an elevation of 6,500 to 6,700 feet, 
three miles west of Lyons, is typical. 
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The topographic map of the Mt. Olympus quadrangle shows several 
well preserved remnants of the Mt. Morrison surface. In the vicinity 
of Noland, which is in the extreme southeastern part of the area, it is 
well developed both on deformed sedimentaries and on pre-Cambrian 
crystallines at an elevation of 6,500 feet. Eleven miles north it forms 
spurs and benches in the walls of Thompson River at about the same 
elevation. 

In the northwestern quarter of the Livermore quadrangle an erosion 
surface cutting pre-Cambrian crystalline rocks and Pennsylvanian 
sediments occurs from 300 feet to 500 feet below the level of the Flag- 
staff Hill berm. Mather*® named it the Alford surface from its 
development at that place. The formation of the surface in this area 
was greatly favored by the attitude of the contact between the pre- 
Cambrian crystalline rocks and the Pennsylvanian Fountain sand- 
stone. This contact is practically coincident with the Alford surface 
over a considerable area, and it is apparent that the latter is in part an 
exhumed surface of pre-Fountain age. It is, however, a bona fide 
erosion surface as it is conspicuous on the top of the granite ridge just 
east of Livermore, where the adjacent Pennsylvanian sediments to the 
east have a comparatively steep dip. The elevation of the Alford sur- 
face ranges from approximately 6,500 to 6,800 feet. At most places it 
is a remarkably smooth surface, although this may be due in part to 
the uncovering of the pre-Pennsylvanian peneplain which had little re- 
lief. The Alford surface is trenched by valleys locally more than 500 
feet deep, though usually less. The projection of the gentle easterly 
slope of the Alford surface coincides closely with the top of the higher 
foothills east of the pre-Cambrian rocks south of the latitude of Liver- 
more. 

Mather believes that the Alford surface was developed after the 
deposition of the Round Butte conglomerate whose type locality is at 
Round Butte near the northeastern corner of the Livermore quadrangle 
and that it is of early Pleistocene age. 

Near the mouth of the canyon of the South Platte River there are 
several spurs whose crests are approximately 6,500 feet in elevation 
over a considerable distance. The level of the spurs suggests a broad 
mature valley developed well below the level of the Flagstaff Hill sur- 
face in this region. It is correlated with the Mt. Morrison berm by the 
writers. Although it has not been traced far up the canyon it can be 
recognized along the mountain front for several miles to the south. 


8 Op. cit., p. 135. 
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In the divide near Palmer Lake the elevation of the Eocene Dawson 
arkose and the Oligocene Castle Rock conglomerate reaches more than 
7,500 feet. It is probable that this area suffered comparatively little 
from erosion during the cycle that produced the Mt. Morrison surface 
to the north and to the south. 

The surface is recognizable but is inconspicuous along the rugged 
mountain front from the vicinity of Colorado Springs to the southern 
part of the Front Range. However, a well developed Tertiary erosion 
surface, now highly dissected, with which it is correlated, truncates 
tilted Mesozoic sediments to the east and southeast of the southern 
portion of the range at the elevation where the Mt. Morrison surface 
should appear. It is locally overlain by outliers of the Nussbaum 
gravels, which are referred to the Pliocene by the United States Geo- 
logical Survey. These remnants indicate that the Mt. Morrison sur- 
face slopes eastward and toward the Arkansas River at the rate of 
approximately 35 feet per mile.”° 


THE ORODELL BERM 


After the Mt. Morrison cycle of erosion terminated, the larger val- 
leys of the Front Range were deepened several hundred feet near the 
eastern edge of the range, but again established grade in the foothills 
belt. The valleys cut during this cycle are distinctly narrower than those 
developed during the Mt. Morrison cycle, but are much wider than the 
present valleys. Evidence of this later erosion cycle is not easily recog- 
nized more than a few miles west of the mountain front. Rock shoul- 
ders and spurs, representing remnants of the valley bottoms produced 
at this time, are conspicuous near Orodell, two miles west of the city of 
Boulder, on Middle Boulder Creek 106, fig. 2). The altitude of this 
surface at the type locality is approximately 6,200 feet. 

In the vicinity of the village of Lyons, in the northeastern portion of 
the Boulder quadrangle several well developed spurs on which remnants 
of this surface are preserved appear along North and South St. Vrain 
creeks. The best known examples in the Mt. Olympus quadrangle are 
along the Thompson River near the eastern edge of the area. Their 
elevation is essentially the same as in the Lyons area. 

Mather *° has recognized and described what appears to be the same 
surface in the Livermore quadrangle. 

In the north-central part of the area, near the Livermore postoffice, 
remnants of a broad valley flat occur at an elevation from 6,000 to 
6,200 feet, from 500 to 600 feet below the general level of the Alford 


2 ¥F. M. Van Tuyl and J. M. Coke: op. cit., p. 24. 
% K. F. Mather: op. cit., p. 134-135. 
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surface. Mather considers this surface to represent a prematurely ter- 
minated canyon-cutting cycle. He designated it the Livermore cycle 
and referred it to the upper Quaternary. The broad valley flats of 
the modern cycle in the vicinity of Bellvue in the southeastern portion 
of the quadrangle constitute the Bellvue cycle of this author. South of 
the type locality, remnants of a valley of the Orodell stage are well 
preserved near the mouth of Clear Creek Canyon, just west of Golden 
(Pl. 107, fig. 2). These are in the form of nearly accordant spurs 
on both sides of the creek at an elevation of about 6,250 feet. 

In the interstream areas along the mountain front the Orodell surface 
shows evidence of having been developed by pedimentation. Here it 
is higher and slopes more rapidly to the eastward than at the type 
locality. In these areas it truncates steeply dipping Paleozoic and 
Mesozoic sediments and is commonly preserved by caps of moderately 
coarse gravel of local origin. Where Coal Creek leaves the mountains, 
nine miles south of Boulder, the high level gravels lying on the Orodell 
surface occur at 6,500 feet. The gravels contain a large amount of pre- 
Cambrian quartzite, which occurs as bed rock in only a limited area a 
short distance west of the mountain front. The source of Coal Creek 
does not extend more than seven miles west of the mouth of the canyon, 
and nowhere in its basin is there any evidence of glaciation. It is clear, 
therefore, that the high level terrace gravels that are so prominent near 
Coal Creek are of local origin and contain no glacial material. They 
were apparently formed by pedimentation along the front of the moun- 
tains. The writers have found no evidence at any locality that the 
high level terrace gravels are directly related to glaciation. The 
Orodell surface is probably the same as that covered by the high mesa 
gravels of Worcester. 

In the southern part of the Front Range the high pediments cor- 
related with the Orodell surface occur at elevations of as much as 
6,800 feet, close to the mountain front, but slope rapidly eastward, 
flattening out at about 6,400 feet to a grade of less than 100 feet per 
mile (PI. 108, fig. 1). 


MODIFYING EFFECTS OF ALPINE GLACIATION 


The alpine glaciation of the Pleistocene period profoundly modified 
the early Tertiary erosion surfaces in the higher parts of the Front 
Range. 

Cirques with precipitous walls are common (PI. 108, fig. 2) at the 
heads of the valleys near the Continental Divide, and many of them 


%1P, G. Worcester: Peneplanation and base-leveling in the Rocky Mountains, Colo.-Wyo. 
Acad. Sci., Jour., vol. 1 (1931) p. 27-28. 
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are compound in character. Locally, the divides between adjacent 
cirques and glaciated valleys are so sharp as to form typical arétes. 
Downstream from the cirques, U-shaped valleys extend to the lower 
limit of glaciation, which is seldom below an elevation of 8,000 feet. 
Discontinuous morainal deposits, varying in thickness from a few 
feet to more than a hundred feet, occur along the bottoms and sides 
of the glaciated valleys. Lakes are abundant in the depressions result- 
ing from unequal glacial erosion and deposition, most of them being 
found in cirques or in depressions in the ground moraine. 

The data at hand suggest three periods of alpine glaciation during 
the Pleistocene history of the range. In the early glacial epoch, prior 
to the deep dissection of the upland peneplains close to the Continental 
Divide, the glaciers apparently filled the shallow valleys and spread out 
a considerable distance upon the interstream areas. A few remnants 
of the drift deposits of this age have been preserved on the uplands 
themselves and along the sides of some of the valleys below. During 
and immediately following the first glacial stage the valleys were much 
deepened, and the glaciers of the second stage were probably confined 
entirely to the valleys. Intermediate terrace gravels such as those in 
the vicinity of Idaho Springs are the only evidence of this period of 
glaciation so far discovered and recorded. 

During the last (Wisconsin) stage the valley glaciers attained their 
maximum development. Most of the striking glacial features seen in 
the high country today were caused by this last ice invasion. Large 
areas of the Flattop peneplain were completely destroyed at this time, 
and remnants of the Green Ridge and Overland Mountain surfaces were 
greatly modified, both by glacial erosion and by deposition. The 
physiographer must be constantly on the alert in order not to confuse 
local constructional surfaces resulting from the deposition of drift, with 
remnants of erosional surfaces normally appearing at similar elevations. 


QUATERNARY TERRACES 


The terraces so prominent at many localities along the east front of 
the mountains have earlier been recognized and described by several 
writers.*? 


%N. M. Fenneman: Geology of the Boulder district, Colorado, U. 8. Geol. Surv., Bull. 265 
(1905) p. 13-16. 
W. T. Lee: The origin of the debris covered mesas of Boulder, Colorado, Jour. Geol., vol. 8 
(1900) p. 504-511. 
C. F. Dodds: Geology and physiography of the mesas near Boulder, Colo. Univ. Studies, 
vol. 6 (1908) p. 11-19. 
P. G. Worcester: op. cit., p. 28. 
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Close to the mountains, gravel-strewn terraces occur at several levels. 
The higher gravels rest upon slightly uneven bedrock surfaces that 
truncate steeply tilted sediments. The lower terraces, however, are en- 
tirely in valley fill. Where the terraces are well developed, as along 
Ralston Creek and Clear Creek, they are commonly from four to seven 
in number. The highest of these is tentatively correlated with the 
Orodell surface. The interval between the terraces is greater, and the 
terraces themselves are more distinct, near the foot of the mountains 
than a few miles farther east. On the south side of the valley of Ralston 
Creek, where the terraces are especially prominent (PI. 102, fig. 2) the 
first terrace is approximately 265 feet above the creek bed, two miles 
east of the crystalline rocks. A slight benching occurs at 60 and 100 
feet below the highest terrace, but the second prominent one is approx- 
imately 90 feet above the valley bottom. A third lies about 55 feet 
above the stream, and a fourth occurs at 20 feet. A low terrace, devel- 
oped only in gravel, lies about five feet above the level of the creek. 
Similar terraces occur along most of the stream valleys near the moun- 
tain front in this region, but the interval between them is different in 
nearly every valley. In general, the interval between corresponding 
terraces is greater along the larger streams than along the smaller ones. 
The higher terraces are best preserved in the interstream areas and have 
more nearly accordant levels than the younger terraces; it seems evident 
that the oldest, or high-level, gravels were spread on a surface more 
nearly approaching a plain than the lower ones. All the terraces 
have a marked slope, not only to the east, but also toward the main 
streams, but the younger terraces, in contrast to the older one, in many 
places show a more pronounced slope toward the main streams than 
they do toward the east or downstream direction. 

The gravel-strewn rock benches below the high-level gravels asso- 
ciated with the Orodell surface are closely related to the present val- 
leys. The character of the gravels, as well as the interval between the 
benches on which they lie, suggests a correlation with rock benches 
and terrace gravels farther west in the mountains where the relation- 
ship to various Pleistocene glacial epochs is obvious. 

The lowest terrace is developed in the material filling youthful val- 
leys whose bedrock bottoms are reported to be as much as 50 feet below 
the present stream level. 

At Idaho Springs, 20 miles west of Golden, there are three well de- 
veloped terraces. The highest one is 160 feet above the bed of Clear 
Creek and has been definitely correlated with the interglacial stage 
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which followed the formation of the early glacial till.* The intermedi- 
ate terrace gravel with its bedrock floor is 35 feet above Clear Creek. 
The lower terrace gravel is 5 feet thick, and its floor is 20 feet above 
the stream. It is contemporaneous with the early outwash gravels 
of the last glacial stage. The bedrock floor of the valley is more than 
20 feet below the present stream level. Lovering believes this floor 
represents the channel cut during late Wisconsin time, and that the 
bench 20 feet above Clear Creek marks the bottom of the channel cut 
during early Wisconsin time. No glacial till that can be correlated 
with the intermediate terrace is known in the Front Range, but it seems 
probable that it should be correlated with outwash from glaciation less 
extensive than that of the Wisconsin stage. The valley fill and the 
prominent gravel covered rock terraces below the high level gravels 
east of the mountains are tentatively correlated with the valley fill and 
terraces at Idaho Springs. 

It is certain that at least two stages of Pleistocene glaciation occurred 
in the Front Range, and the intermediate terraces suggest a third. The 
writers believe that the valleys were deepened in successive glacial 
stages. As the climate became more humid the volume of the streams 
increased, erosion became more marked, and canyon-cutting ensued. 
As the climate became drier during the interglacial periods, valley- 
deepening ceased, and the streams spent their energy in lateral corra- 
sion and transportation, while the interstream areas were being lowered 
by sheetwash and pedimentation. The terrace gravels may, in large 
part, mark the periods of ice recession and the related interglacial 
stages. The climatic changes of the Pleistocene seem adequate to 
explain the successive terraces, but, in addition, regional uplifts may 
have been involved. 


DEFORMATION OF EROSION SURFACES 


The older erosion surfaces, particularly the Flattop and the Green 
Ridge peneplains, appear to have been warped to a much greater extent 
than the younger ones. However, it has been suggested to the writers 
that some of the sloping surfaces may be due to the preservation of 
mature outlines of drainage. Reference has already been made to the 
apparent faulting and warping of the Flattop surface in the vicinity 
of Berthoud Pass (Pl. 108, fig. 2). The steep westward slope of the 
Flattop peneplain just north of South Park, amounting to about 250 
feet per mile, is believed to be due in part to warping (PI. 98, fig. 2). 


%3T. S. Lovering: The geologic history of the Front Range, Colorado, Col. Sci. Soc., Pr., vol. 
12 (1929) p. 104. 
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There is also a suggestion that the Flattop surface is warped on the 
flanks of Pikes Peak, east of Cripple Creek, but the curvature of the 
surface in this locality may be due to normal steepening near a promi- 
nent monadnock. Evidence of less important warping of the Green 
Ridge surface has been observed near its type locality. 

Many of the ancient drainage lines on the surfaces older than the 
Bergen Park had a marked southeast course in the area from the lati- 
tude of Fort Collins south to Canon City. Subsequently, some of the 
streams which flowed in this direction have changed to an easterly or 
northeasterly course. The South Fork of the South Platte River is a 
notable example. This change occurred after the deposition of the 
Oligocene Castle Rock conglomerate and in large part before the deposi- 
tion of the Miocene Florissant lake beds. Recent studies of the Castle 
Rock conglomerate by V. G. Gabriel ** have thrown interesting light 
on this problem. The meager evidence available suggests a greater 
eastward slope of the older erosion surface than of the younger ones in 
the central portion of the range, thus implying a convergence of the 
surfaces. The warping which brought about these drainage changes 
was apparently of regional character and resulted normally in minor 
easterly tilting of the erosion surfaces involved, but locally, as in the 
Cripple Creek area, there is evidence of northerly tilting. All subse- 
quent movements appear to have been chiefly vertical regional uplifts. 

There is abundant evidence that no faulting occurred along the east 
margin of the mountains after Bergen Park time, but the general lack 
of the older surfaces on the sediments bordering the crystalline rocks 
makes the earlier record obscure. Along the western border both fault- 
ing and warping occurred during the Pliocene, but no displacement of 
Pleistocene beds has been noted. It is possible that the back slopes 
from the canyon on both sides of the Royal Gorge (PI. 106, fig. 1, and 
the topographic map of the Canon City quadrangle) are due to warp- 
ing of the Flagstaff Hill surface in Pliocene time, contemporaneously 
with the Pliocene faulting west of Salida. 

On the eastern flank of the Laramie Range the Sherman surface 
slopes eastward at the same rate as the dip of the lower Miocene sedi- 
ments—namely, from 70 to 80 feet per mile. This suggests a slight 
warping of the surface after early Miocene time, but much of this slope 
may be due to Miocene pedimentation, evidence of which is stronger 
in this area than on the erosion surface of equivalent age to the south 
in the Front Range. 


% Unpublished thesis, Colorado School of Mines. 
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AGE RELATIONS 


Physiographers have commonly regarded the Flattop peneplain as 
earlier than mid-Miocene and as probably Eocene in age, but little or 
no concrete evidence bearing on the problem has been brought forward. 
The writers believe that the data given below indicate clearly that the 
Flattop peneplain should be referred to the Eocene, and that its devel- 
opment was interrupted during early Eocene time. 

In the southern part of the Montezuma quadrangle, where the upper 
Flattop peneplain is well preserved at an elevation of 12,800 feet (PI. 98, 
fig. 2), the surface is later than the thrust faulting which occurred dur- 
ing the Laramide revolution. It is also later than the metalliferous 
veins that are genetically related to the large porphyry stocks intruded 
during this period of mountain building. 

The peneplain which truncates the steeply dipping basal Eocene 
Middle Park formation on Mt. Bennay (PI. 97, fig. 2) at an elevation 
of 11,700 feet is correlated with the upper Flattop surface. Here it is 
clearly younger than the Laramide revolution, which in the Rocky 
Mountains strongly involves basal Eocene beds but only slightly affects 
the lower Eocene Wasatch formation.*® It may be said with consider- 
able certainty that the Flattop peneplain was developed before the deep 
valley of the Colorado River was formed between Mt. Bennay and 
Flattop Mountain. The valley, after being cut to a depth of more than 
3,000 feet below the general level of the Flattop surface, was partly 
filled with Tertiary sediments that resemble lithologically the White 
River (Oligocene) beds. These strata are overlain by interbedded 
lavas and conglomerates of lower Miocene age.** A few miles to the 
east, in the region just north and northwest of its type locality, the 
Flattop peneplain is overlain by Miocene (?) lavas. 

W. E. Powers ** has questioned the pre-Pliocene age of a 12,000-foot 
erosion surface occurring along the Continental Divide near the head of 
Quartz Creek, west of the Salida basin. He believes that if this surface 
correlates with one in the Sawatch Range to the north and in the 
Mosquito Range to the northeast at a similar elevation there should 
be evidence of displacement were the surface older than the strong fault 
which affects Pliocene sediments in the Salida basin. He concludes 
that the surface has not been displaced and that it must be younger 


%D. F. Hewett: Geology and oi and coal resources of the Oregon Basin, Meeteetse, and 
Grass Creek Basin quadrangles, Wyoming, U. 8S. Geol. Surv., Prof. Pap. 145 (1926) p. 61-62, 
68-70. 

W. S. Burbank and E. N. Goddard (oral communication) have found a similar condition 
in southern Colorado. 
* T. S. Lovering: The Granby anticline, U. S. Geol. Surv., Bull. 822 (1931) p. 74. 
37, W. E. Powers: op. cit., p. 194-195. 
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than the fault. If Powers’ estimate of erosion in the Arkansas Valley 
for the Pleistocene is accepted, the erosion assigned to a part of Pliocene 
time must be more than tenfold that of the entire Pleistocene. The 
writers believe that it is more probable that the Salida basin resulted 
from local graben-like subsidence of a valley block while the adjacent 
highlands remained almost unaffected. Faulting may have begun even 
prior to the deposition of the Pliocene sediments and certainly continued 
after their deposition ceased. 

The Flattop surface was almost completely destroyed in the northern 
part uf the Front Range during the development of the Green Ridge 
peneplain, and the latter surface, in turn, was greatly modified during 
the Cheyenne Mountain cycle, indicating that a considerable period of 
time elapsed between the completion of the Flattop surface and the 
final interruption of the development of the Cheyenne Mountain sur- 
face. As shown on a later page, the Cheyenne Mountain surface is 
probably pre-Oligocene. These facts consistently indicate that the 
Flattop peneplain developed long before the close of the Eocene. 

In central Wyoming the Wasatch formation lies for the most part 
on the truncated edges of Paleozoic and Mesozoic formations,** but 
locally it rests on the pre-Cambrian. The post-Cretaceous folds of 
the Laramide revolution were completely truncated during the early 
part of the Eocene, before the deposition of the Wasatch. Blackwelder 
states that this erosion surface was post-maturely hilly in the regions 
of the harder rocks and locally retained a relief of over 1,000 feet. The 
softer Cretaceous and Jurassic strata, on the other hand, were generally 
worn down to plains. The topography of the surface on which the 
upper Wasatch was laid down, as described by Blackwelder, seems 
similar to the topography of the Flattop peneplain in the area border- 
ing the crest of the Front Range. Since the age relations of the upper 
Flattop peneplain suggest that it was formed early in the Eocene epoch 
the writers tentatively correlate its development with the Wasatch 
stage of the lower Eocene. The preservation of parts of this peneplain 
may have been favored by the protective effect of Wasatch sediments, 
which probably covered some of it for much of early Tertiary time. 

The Green Ridge surface is younger than the Flattop surface and 
is, therefore, probably no older than middle Eocene. The perfection 
of its development brings to mind the possibility that the surface 
formed during Bridger time, when the lands were low and Floridian 
conditions obtained throughout a wide area in the Rocky Mountain 
and Great Plains areas. The possibility of this peneplain having been 


% Eliot Blackwelder: Post-Cretaceous history of the mountains of central western Wyoming, 
Jour. Geol., vol. 23 (1915) p. 97-117, 193-217, 307-340. 
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protected for a considerable period by a sedimentary covering must 
also be considered seriously. 

As regards the age of the Cheyenne Mountain surface, the evidence 
points toward the fact that it is definitely pre-Oligocene. 

In the extreme southeastern portion of the Medicine Bow quadrangle 
and the adjacent portion of the Laramie quadrangle Wyoming, Tertiary 
sediments considered to be of Oligocene age by S. H. Knight*® occupy 
a broad valley cut several hundred feet below the general level of the 
Cheyenne Mountain surface. Similar conditions obtain on the eastern 
border of the Laramie Range, Wyoming, and in the Granby area of 
Colorado. Unless one assumes an important post-Oligocene movement 
along the fault at the base of the Front Range in the Castle Rock quad- 
rangle, the same relationship holds in that area. There is some evi- 
dence that the ancient valleys within the mountains and the ancient 
plains to the east of the present remnants of the Cheyenne Mountain 
surface were buried with Oligocene sediments to a depth of more than 
a thousand feet, and it is possible that the thickness was so great as 
to permit the development of a peneplain across the Oligocene deposits 
and crystalline rocks at the level of the Cheyenne Mountain surface. 
Decisive data are lacking, and each physiographer will answer the 
problem according to his own convictions. The relation of the younger 
surfaces to the Oligocene at Mesa Mountain at the eastern margin of 
the Laramie Range, however, has led the writers to believe that the 
Cheyenne Mountain peneplain is pre-Oligocene in age, and tentatively 
to refer it to the upper Eocene. 

In the Florissant area, interesting data bearing upon the age rela- 
tions of the Overland Mountain and Bergen Park surfaces are found. 
The Florissant lake sediments are now considered by C. L. Gazin,*® of 
the United States National Museum, to be older than late Miocene. 
He favors their assignment to the Oligocene or lower Miocene. The 
lake beds occupy a broad valley believed to be of Bergen Park age, 
which was developed below the level of the lower Overland Mountain 
peneplain. It is probable, therefore, that the compound Overland 
Mountain surface is pre-lower Miocene in age. It is referred tenta- 
tively to the Middle Oligocene, and the upper Bergen Park surface is 
believed to have started to form in late Oligocene time. 

The Sherman and the Leslie surfaces of the Laramie Range of Wyo- 
ming are correlated with the upper and lower Bergen Park surfaces, 
respectively, of the Front Range of Colorado. An extensive remnant 


Oral communication. 
“CC. L. Gazin: op. cit., p. 57. 
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of the Sherman surface is preserved on Mesa Mountain. It truncates 
Carboniferous limestone folded down into a gentle syncline. The moun- 
tain is flanked on the east and south by the Oligocene Chadron and 
Brule formations, which occupy valleys carved several hundred feet 
below its summit. Considerable destruction of the older erosion sur- 
faces occurred in this area prior to the deposition of these sediments. 
It is believed that the Overland Mountain surface once extended across 
the Oligocene deposits and on to the Crystalline rocks to the westward, 
and developed about the time that the Oligocene sediments attained 
their maximum thickness. The surface on Mesa Mountain was formed 
before Miocene time, probably toward the close of the Oligocene, and 
its development was halted by uplift which caused the destruction of 
the soft surrounding Oligocene sediments to a considerable depth before 
the Arickaree (Lower Miocene) began accumulating on this lower ero- 
sion surface. If this interpretation is correct, essentially the same 
relations exist here as in the Florissant area. 

The interruption of the upper Bergen Park cycle was apparently 
accompanied by volcanic activity in the Cripple Creek and Signal Butte 
areas and by an eastward warping of the eastern flank of the Front 
Range, which started numerous important drainage changes. 

The time of completion of the lower Bergen Park stage cannot be 
stated at the present time. It is apparent, however, that during lower 
Miocene time considerable erosion occurred in the Front and Laramie 
ranges coincident with the deposition of large amounts of debris on the 
Plains, and it is probable that the lower Bergen Park surface was 
formed in middle Miocene time. 

The Flagstaff Hill cycle represents a shorter interval of time than 
the peneplains thus far discussed, and probably formed during late 
Miocene and early Pliocene time. West of Canon City the Flagstaff 
Hill surface is apparently warped and is deeply trenched by the Royal 
Gorge of the Arkansas River (PI. 106, fig. 1). The Mt. Morrison and 
Orodell surfaces of this locality, and the still younger Pleistocene ter- 
races that bench the canyon, show no evidence of warping. 

W. E. Powers“ has found bones and teeth, identified by Alfred Romer 
as Pliohippus leidyanus, in beds near Salida that dip sharply toward 
the southwest. It is probable that the Flagstaff Hill surface was warped 
at the time this deformation occurred. This movement must be defi- 
nitely Pliocene in age, and as it does not involve two benches that are 
clearly older than the earliest Pleistocene glaciation, it is believed to 


“1 William E. Powers: op. cit., p. 189. 
Tbid., p. 188. 
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have occurred during early Pliocene time. It thus seems probable that 
the Flagstaff Hill cycle was interrupted during the early Pliocene. 

The Mt. Morrison surface resulted from the erosion cycle introduced 
by the uplift that terminated the Flagstaff Hill cycle. As previously 
mentioned, it is correlated with the erosion surface that underlies the 
Nussbaum formation, which is tentatively referred to the Pliocene by 
the United States Geological Survey, but its position within the Plio- 
cene is unknown. The Mt. Morrison surface is tentatively referred to 
middle Pliocene. 

The Orodell surface is later than the Mt. Morrison surface and earlier 
than the rock benches developed during early Pleistocene glaciation. 
As it just preceded the Pleistocene terracing and exhibits a pediment- 
like character in the foothills area, it apparently developed during the 
arid upper Pliocene. This cycle was terminated by regional uplift or 
climatic changes at the beginning of the Pleistocene. The relation of 
the rock terraces below the Orodell surface has already been discussed. 
Their age ranges from early Pleistocene to late Pleistocene time. The 
canyon-cutting and gravel terraces that developed during and after the 
last recession of the Wisconsin glaciers are referred to the Recent epoch. 


CONCLUSIONS 


In conclusion it would be well to point out that, exclusive of minor 
Pleistocene changes in level, no less than eleven interrupted cycles are 
involved in the physiographic development of the Front Range of 
Colorado. The early cycles were terminated chiefly by orogenic uplift, 
the intermediate by combined local and regional uplift with climatic 
variations assuming greater importance, and the late cycles were halted 
chiefly by epeirogenic uplift, climatic changes, or both. By far the 
greatest deformation occurred during the earliest, or Laramide, revolu- 
tion. Nearly all the folding and most of the faulting of the range 
occurred at that time. Orogenic movements of lesser importance are 
believed to have occurred in post-Bridger Eocene time, as indicated by 
the relations in the Wet Mountains to the south of the Front Range. 
The later uplifts have been progressively more epeirogenic in character, 
but the western and southern portions of the range suffered from fault- 
ing and local warping after movements of this type had ceased along 
the eastern margin. The relation of the Orodell surface to the early 
Pleistocene terraces suggests that the glaciation of the range was due 
primarily to climatic changes and that uplift was not an important 
causal factor. 
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PuatTe 97 
FLATTOP PENEPLAIN 
Fig. 1—EasTern BorDER OF SouTH Park 


Aerial view from an elevation of 12,300 feet, looking north-northeast from a 
point 18 miles N. 80° E. of Fairplay. Mt. Evans (1A) and Rosalie Peak (1B) 
are seen on the left skyline; North Tarryall Peak (2C) which lies just northwest 
of Lost Park (2D) is in the center distance, and Topaz Mountain (2F) is in 
the extreme right middle distance. Tarryall Creek (6C) is in the center fore- 
ground. The upper Flattop peneplain shows along the skyline to the right of 
Rosalie Peak and is preserved on North Tarryall Peak and Topaz Mountain. 
The lower Flattop peneplain is well developed at about 11,000 feet, between 
Topaz Mountain and North Tarryall Peak and in the left background on the 
smooth ridge in front of Mt. Evans. Shoulders (4E) which probably repre- 
sent the Green Ridge peneplain, and the flat-topped spurs (5 E) correlated with 
the Cheyenne Mountain peneplain are poorly preserved but easily discernible 
below the lower Flattop peneplain. The summits of the maturely dissected 
hills in the foreground represent the Overland Mountain peneplain at about 


9,200 feet. 


Fig. 2—Recion JUST NORTH OF THE TYPE LOCALITY OF THE FLATTOP PENEPLAIN IN 
Rocky Mountain NationaL Park 


Aerial view looking west from an elevation of 14,200 feet over a point one mile 
south of Moraine Park. In the left background Mt. Bennay (2 A) and in the right 
background North Park (1 F) are visible. Snowdrift Peak (3B) is a monadnock 
rising above the Flattop peneplain. The rugged topography in front of this 
erosion surface is due chiefly to Pleistocene glaciation. Bierstadt Lake (5C) 
appears in the left foreground and Cub Lake (4E) in the right foreground. 
Mill Creek (5 D) in the center foreground has hardly begun to cut into the wide- 
spread ground moraine. 
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PLaTE 98 
BERGEN PARK AND FLATTOP PENEPLAINS 
Fig. or THE SoutH Puatre River 


Aerial view looking west-northwest across the valley from an elevation of 
9,400 feet, 4 miles south-southeast of Platte Canyon (Watertown). The Tarry- 
all Mountains (2A) and Kenosha Mountains (2B) along the left skyline show 
the upper Flattop peneplain, and its correlation with the peneplain to the north, 
preserved on the high spurs extending south from Mount Evans (1 D), is ap- 
parent. Brilby Butte (3C) rises as a monadnock above the upper Overland 
Mountain peneplain. The upper Bergen Park peneplain is preserved on the 
smooth wooded ridge (4C) in front of Brilby Butte, and below it the lower 
Bergen Park peneplain (5D) shows its usual bench-like relation. Note the 
slightly reduced monadnocks rising above the upper Bergen Park peneplain to 
the general level of the Overland Mountain peneplain in the right middle 
distance. 


Fig. 2—NorTHERN BorDER oF SouTH PARK AND THE SOUTHERN PORTION OF THB 
MONTEZUMA QUADRANGLE 


Aerial view from an elevation of 12,300 feet, 3.8 miles N. 55° W. of Jefferson. 
Georgia Pass (3 A) shows in the left background and Glacier Peak (2 C) in the cen- 
ter just below the skyline at the left end of the smooth ridge which ends to the 
right in Whale Peak (2D). Torreys Peak (1F) and Grays Peak (1G), the 
highest peaks in the Front Range, show on the right skyline and Jefferson Lake 
(4E) in right middle distance. 

The upper Flattop peneplain is well preserved on the summits between Whale 
Peak and Glacier Peak, at about 12,800 to 13,000 feet. The lower Flattop pene- 
plain shows as a broad bench to the left of Glacier Peak, in front of it, and on 
the ridge to the right of Jefferson Lake, at about 12,250 feet. This step-like rela- 
tion of the lower Flattop peneplain to the upper Flattop also shows on the 
skyline just to the left of Glacier Peak on the distant snow covered ridge (2B). 
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Prats 99 
PIKES PEAK 
Fig. 1—ArERIAL VIEW FROM THE EAST 


From an elevation of 12,300 feet over a point about one and a half miles north- 
east of the Printers Home near Colorado Springs. The well defined shoulders 
(1A and 1B) on the north and south flanks of Pikes Peak are remnants of 
the Flattop peneplain, and the even crested ridge (2C) in the middle distance 
is believed to represent the Green Ridge peneplain at this locality. The broad 
bench (3D) to the right of this, which extends several miles to the southeast 
along the south wall of Fountain Creek (4D), represents the dissected Cheyenne 
Mountain peneplain. 


Fig. 2—AERIAL VIEW FROM THE WEST 


From an elevation of 13,100 feet, from a point about six miles northwest of 
Cripple Creek. The pronounced shoulder (2B) about half way up Pikes Peak 
represents the Flattop peneplain. The Cheyenne Mountain peneplain is well 
preserved in Upper Beaver Park (3D) in the right middle distance, and in the 
foreground (4C) the same peneplain has been modified into a maturely dis- 
sected surface slightly below its former level. 
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Piate 100 
SOUTHERN WYOMING AND NORTHERN COLORADO 
Fig. 1—Menpicins Bow Rancg 


Aerial view looking northwest from over the south end of Jelm Mountain, 
at an elevation of 9,500 feet, showing the broad expanse of the Medicine Bow 
peneplain (2A). Sheep Mountain in the right middle distance (3B) appears to 
be a slightly reduced remnant of this erosion surface. The summit of the Snowy 
Range (1 A), rising well above the general level of the Medicine Bow peneplain, 
is correlated with the Flattop peneplain. 


Fig. 2—Green Rivce (2D) anp tHe Mummy Rance (1C) 


Aerial view looking south-southeast from an elevation of 11,400 feet 18 miles 
S. 42° E. of Laramie. The conspicuous erosion surface in the right background 
is the type locality of the Green Ridge peneplain, and the prominent ridge 
slightly below it, and to the left, represents the Cheyenne Mountain peneplain. 
The Overland Mountain peneplain appears on Boulder Ridge (4B) and on the 
benches to the left of Sand Creek Pass (3D). The lower Overland Mountain 
peneplain is probably represented by the smooth bare slope back of Chimney 
Rock (5A) and in front and to the left of Boulder Ridge, but the correlation 
of this erosion surface is uncertain at this locality, and the bench may repre- 
sent the upper Bergen Park peneplain. Bald Mountain (2B) and Little Bald 
Mountain (2C) are several hundred feet above the general elevation of Green 
Ridge but are joined to it by smooth slopes which suggest upwarping of an 
orignally level surface, but the slope may be due in large part to a merging with 
the lower Flattop peneplain. 
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Puate 101 


FLATTOP, GREEN RIDGE, CHEYENNE MOUNTAIN, AND 
OVERLAND MOUNTAIN PENEPLAINS 


Fig. 1—Cueyvenne Mountain (3C) AND THE EAST FLANK OF Pikes Peak 


Aerial view from an elevation of 10,000 feet, looking north from a point about 
14 miles south of Colorado Springs. The Cheyenne Mountain peneplain appears 
on the summit of Cheyenne Mountain in the right middle distance and on the 
crest of the Rampart Range (2) on the skyline beyond. The high even ridge 
at the left (1A) represents the lower Flattop peneplain. A small remnant of 
the Green Ridge peneplain appears on the east flank of Mount Arthur (2B) 
beyond and to the left of Cheyenne Mountain. Remnants of some of the lower 
erosion surfaces appear on dissected benches and spurs along the mountain front. 


Fig. 2—Overtanp MouNTAIN PENEPLAIN AT ITS TYPE LOCALITY 


Aerial view looking southwest at an elevation of 9,300 feet, one and a half miles 
N. 30° W. of Jamestown. Along the skyline James Peak (3H), Parry Peak 
(31), and Arapahoe Peak (1M) can be seen, and in the foreground Overland 
Mountain (10N), Bueno Mountain (10H), and the valley of James Creek 
(9F) are conspicuous. The upper Flattop peneplain shows on the ridge between 
Kingston Peak (3D) and James Peak (3H), and the reduced lower Flattop 
peneplain merging with the Green Ridge peneplain appears on Colorado Moun- 
tain (4B) to the left of Kingston Peak, at elevations ranging from 10,500 to 
10,884 feet. The upper Flattop peneplain also shows on the right center skyline 
to the left of the long ridge extending southeast from Arapahoe Peak, and just 
below and to the left of it the lower Flattop peneplain can be seen. The two 
merge with each other on the ridge extending westward from the summit of 
Bald Mountain (2L). The lower Flattop peneplain shows well on Chittenden 
Mountain to the right and slightly above Caribou Flat (4 J). 

The Green Ridge peneplain is preserved on spurs and benches near timber 
line, as in front of Colorado Mountain (4B), on Caribou Flat, in front of James 
Peak, and on Bryan Mountain (4H) just below timber line. The Cheyenne 
Mountain peneplain shows its bench-like relation to the Green Ridge peneplain 
at Eldorado Mountain (5E) to the left of Caribou Flat. 

The Overland Mountain peneplains are the most conspicuous ones in the pic- 
ture. At the type locality, in the right foreground, the lower Overland Moun- 
tain surface is well preserved. 

The upper Overland Mountain peneplain occurs at about the general level of 
Burnt Mountain (8G). To the left of Burnt Mountain a bare hill (7C) rises 
to the elevation of the upper surface, and the smooth ridge directly back of 
it at the same level continues the surface to the south. The lower Overland 
mountain surface shows on the crest of the ridge (8 A) a few hundred feet below 
the bare hill and to the left of it, and can be easily discerned on the north side of 
the valley to the right of the hill. The town of Ward (6 K) lies in the transition 
zone between the Overland Mountain peneplains and those of greater age. 


4? 
4 
= 
eat 
: 
i 
| 
| 
q 
} 
§ 


BULL. GEOL. SOC. AM. VOL. 46, 1935, PL. 101 


FIGURE 2 


FLATTOP, GREEN RIDGE, CHEYENNE MOUNTAIN, AND OVERLAND 
MOUNTAIN PENEPLAINS 
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FIGURE 1. 


FIGURE 2. 


POLE MOUNTAIN, WYOMING, AND PLEISTOCENE TERRACES ON 
RALSTON CREEK, COLORADO 
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POLE MOUNTAIN, WYOMING, AND PLEISTOCENE TERRACES ON 
RALSTON CREEK, COLORADO 


Fig. 1—Pote Mountain 
View from the northwest. The Cheyenne Mountain peneplain is well pre- 
served on this monadnock which rises sharply above the surrounding Sherman 
peneplain. 


Fig. 2—Virw souTHWEST Across RaLsTON CREEK FROM THE 
HIGHWAY 


The dissected Orodell surface shows on the gravel-topped hill (1A) and can 
be followed for some distance along the ridge (1B) to the west. Pleistocene 
terraces below it show at (2A), (3A), (4A), and (5A), and the Recent flood 
plain of Ralston Creek at (6A). 
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Piate 103 


FLATTOP, GREEN RIDGE, CHEYENNE MOUNTAIN, OVERLAND MOUNTAIN, 
AND BERGEN PEAK PENEPLAINS 


Fig. 1—ReEGIoN SOUTHWEST OF THE TOWN OF CasTLE Rock 


Aerial view showing the relation of the Overland Mountain peneplains to the 
associated Cheyenne Mountain peneplain, from an elevation of 9,300 feet over 
a point about three miles north of Dawson Butte (8A). The nearly even crested 
ridges (3 F and 3B) in the middle distance represent the upper Overland Moun- 
tain surface. Rising slightly higher in the left background and forming a bench 
(2A) at the base of Pikes Peak (1A) is the Cheyenne Mountain peneplain. 
The distinct shoulders (4C) a little below the upper Overland Mountain sur- 
face, on the left side of Bear Creek (7D) in the right center foreground, are 
correlated with the lower Overland Mountain surface. The lowermost bench 
(6E) at the mouth of Bear Creek canyon is referred to the Mt. Morrison berm. 
The Flagstaff Hill and Bergen Park erosion surfaces are poorly developed in 
this area. 


Fig. 2—Recion west ofr GOLDEN 


Aerial view looking west from a point five miles northeast of the town of 
Golden, at an elevation of 9,000 feet. Mt. Evans (1C), Grays Peak (2G), 
Torreys Peak (2H), Bard Peak (2K), and James Peak (1N) show along the 
skyline. North Table Mountain (6J) and the town of Golden (6B) appear in 
the foreground. The Flattop peneplain shows just below the skyline between 
Torreys Peak and Bard Peak and on the skyline (2 L) between Bard and James 
peaks. The lower Flattop surface shows on Squaw Mountain (2 E) and on 
benches below the Flattop surface in front of Bard Peak. The Green Ridge 
peneplain is preserved on Santa Fe Mountain (3F) to the right of Squaw 
Mountain and on Blackhawk Mountain (3 M) in the right middle distance. The 
Cheyenne Mountain surface shows on the ridge between Bergen Peak (3 A) and 
Snyder Mountain (3D) in the left middle distance and on benches in front, 
and to the right, of Santa Fe Mountain. The upper Overland Mountain pene- 
plain is preserved on a shoulder to the left of Douglas Mountain (3L) in the 
right middle distance, and the lower Overland Mountain surface shows on the 
smooth slope lying in front of Blackhawk Mountain and to the right of Douglas 
Mountain. Just below, and in front of this, the upper Bergen Park peneplain 
can be seen but is more conspicuous in the left middle distance in front of 
Bergen Peak. The lower Bergen Park surface forms a prominent flat (4L) 
near the edge of the mountains in the right center of the picture. The benches 
(4D) which represent the Flagstaff Hill surface, just south of the canyon of 
Clear Creek, can be followed to the north on concordant shoulders along the 
mountain front. The Mt. Morrison berm occurs at about the level of the lower 
shoulder (5B) to the left of the mouth of Clear Creek canyon. 
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Piate 104 
EROSION SURFACES BORDERING CLEAR CREEK AND MIDDLE BOULDER CREEK 
Fig. 1—Ciear Creek CANYON 


Looking westward up the canyon from near the summit of Mt. Zion, one 
mile southwest of the town of Golden. The upper Bergen Park peneplain shows 
on the higher portion of the ridge (1A) and on the pronounced shoulder at 
(1E); the lower Bergen Park surface forms a bench a little below, and to 
the left of, the latter shoulder. The broad dissected flat at (2A) and (2C) 
represents the Flagstaff Hill berm. The shoulder at (3C) and the more con- 
spicuous one to the right at the same elevation are at the level of the Mt. 
Morrison berm, about 500 feet above Clear Creek. (See also left side of Plate 
103, figure 2.) 


Fig. 2—View FROM SUMMIT oF SuGaRLoaF Mountain 


Looking southeast from an elevation of 8,920 feet, seven miles west of Boulder 
(see Plate 106, figure 2). The former continuity of the Tertiary erosion surfaces 
in this region is so apparent that the deep canyon of Middle Boulder Creek (6 D) 
and North Boulder Creek (9 F) would hardly be suspected. Thorodin Mountain 
(1 E) in the center skyline rises to the level of the Green Ridge peneplain. The 
Cheyenne Mountain peneplain is represented by the ridge (2 D) to the left. The 
lower Overland Mountain peneplain is preserved on the smooth topped moun- 
tain (2A) in the left middle distance, and the upper Bergen Park peneplain 
forms a bench (3C) in front of it. The latter surface continues to the right on 
the crest of the ridge to a point (4E) below Thorodin Mountain, where it 
gives way to the lower Overland Mountain peneplain (3G). This higher sur- 
face, in turn, gives way to the upper Overland Mountain peneplain in the right 
middle distance (3H). The upper Bergen Park peneplain is also preserved on 
a ridge (5F) between the canyons of Middle Boulder and North Boulder creeks. 
The lower Bergen Park surface occurs on the bench (7D) in the center of the 
picture and also shows in the smooth slope in the foreground. The outline of 
the broad valley cut in Flagstaff Hill time shows on the spurs (8B) in the left 
foreground above the perpendicular cliff near the junction of Middle Boulder 
and North Boulder creeks. 
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EASTERN PART OF THE FRONT AND LARAMIE RANGES 
Fig. 1—NorTHERN PORTION OF THE Front RANGE 


Aerial view looking west from an elevation of 8,200 feet over a point one 
mile east of Boxelder in the northern part of the Livermore quadrangle. The 
broad flat in the foreground (6D) is the Flagstaff Hill surface. The summit 
of the flat-topped hill, known as Robbers Roost (5D), in the central middle 
distance preserves the upper Bergen Park peneplain. More extensive remnants 
of this surface (4D) show to the right between the hill and the ridge on the 
skyline. To the right and left of Robbers Roost, numerous low hills rise to the 
level of the lower Bergen Park surface. On the skyline beyond Robbers Roost 
the summit of Boulder Ridge (3D) represents the Overland Mountain pene- 
plain. Rising abruptly above this to the left is a ridge (2C) which is referred 
to the Cheyenne Mountain surface. Far in the distance, and slightly above the 
Cheyenne Mountain surface, a few remnants (1B) and (1A) of the Green Ridge 
peneplain can be seen. 


Fig. 2—East FLANK OF THE LARAMIE RANGE 


Aerial view looking northwest from an elevation of 8,200 feet over a point 
two miles southeast of the station of Granite Canyon, Wyoming. The summit 
of Pole Mountain (1A) is believed to be a remnant of the Cheyenne Moun- 
tain peneplain. The ridge (2 B) in the distance, to the right of this, may repre- 
sent a remnant of the Overland Mountain peneplain, but correlation is uncertain 
at this locality. The broad erosion surface in the middle distance (4E) with 
mesa-like hills and benches rising above it is the Sherman peneplain, which may 
be compound in character. The erosion surface that corresponds to the summit 
of Mesa Mountain (3G) and the associated hills to the south is believed to be 
the upper Bergen Park peneplain, and the lower surface, to the left, is correlated 
with the lower Bergen Park surface. The reservoir (6D) in the middle distance 
occupies a broad valley whose bottom is at essentially the same elevation as 
the terrace at the foot of the mountain to the east. 
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ROYAL GORGE AND BOULDER REGION 
Fig. 1—Royat Gorge 


Aerial view looking northwest from an elevation of 8,500 feet over a point 
one and a half miles south of Canon City. The Royal Gorge and the sus- 
pension bridge appear in the left center foreground. The Flagstaff Hill erosion 
surface may be recognized on either side of the top of the gorge (5 A and 5B). 
The higher portions of the pronounced bench to the right (3C and 3F) repre- 
sent the upper Bergen Park peneplain, and the lower portions (4D) are prob- 
ably lower Bergen Park. Immediately over, and beyond, this bench a similar 
one (2F) preserves an erosion surface referred to the lower Overland Mountain 
cycle. The mountains (1 E) in the right background are of volcanic origin, and 
the volcanic material, probably Miocene in age, apparently rests on erosion 
surfaces ranging from the lower Overland Mountain to the Cheyenne Mountain. 


Fic. 2—Tue Centra, Front Rance 


Aerial view looking north-northwest from an elevation of 8,700 feet over a 
point two miles southeast of Boulder. Arapahoe Peak (1B), Kiowa Peak (1(C), 
Mt. Audubon (1J), Mt. Alice (1Q), and the south flank of Longs Peak (1S) 
show on the skyline, rising as monadnocks well above the Flattop peneplain. 
This surface is visible to the left of Arapahoe Peak, on the shoulder of Kiowa 
Peak, and on the ridge in front of Mt. Alice. The upper Flattop peneplain 
merges with the lower Flattop surface on the ridge west of Bald Mountain 
(11,453 feet) (2F). The Green Ridge peneplain shows in the extreme left 
background on Boulder County Hill (3A) below the Flattop bench and also 
appears dimly on Bald Mountain (3 F and 3 H) near timber line. The Cheyenne 
Mountain peneplain occurs as a bench on Boulder County Hill (4A) and in the 
region to the north (4B). In most of the territory visible in this picture it 
merges with the Overland Mountain surface or is concealed by glacial debris. 
The upper Overland Mountain peneplain shows on the conspicuous monadnocks, 
Sugarloaf Mountain (5G) and Bald Mountain (9,135 feet) (5D), in the center 
background, and as a bench at the town of Ward (4K). The lower Overland 
Mountain surface shows between Sugarloaf Mountain and Bald Mountain (6 E) 
and just to the left of this locality. It forms the prominent timbered ridge (4 Q) 
in the middle distance and can be traced as a broad dissected bench to the 
vicinity of Ward. It also shows on Bighorn Mountain (6N). Overland Moun- 
tain (4R) is on the extreme right of the picture. 

The upper Bergen Park peneplain coincides with the summit of Arkansas Moun- 
tain (7L) and can be recognized in the adjacent area to the left, in front of 
Sugarloaf Mountain, and in the region between Bald Mountain and the left 
side of the picture. The lower Bergen Park surface is marked by a well defined 
bench (8H) below the upper Bergen Park surface in front of Sugarloaf Moun- 
tain. The Flagstaff Hill berm can be traced to the left from its type locality 
(10 J) on a series of concordant spurs. It is also preserved as a dissected bench 
(8 Q) on the right side of the picture, well below the Overland Mountain surface. 

The Mt. Morrison berm shows on the low hills (11 P) just back of Boulder 
and in the conspicuous flats (9 J) just behind Flagstaff Hill. The type locality 
of the Orodell berm can be seen in front of Arkansas Mountain, where low spurs 
(10 M) extend into the valley of Fourmile Creek. High-level terraces show in the 
left foreground (12G) at still lower elevations, just above the plains. 
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MT. MORRISON BERM 
Fig. 1—Cuear Creek Canyon 


Looking southwest from a point one mile north of the town of Golden. The 
spurs to the south (1-B) and north (1C) of Clear Creek Canyon (2A) show 
the profile of the valley bottom cut in Mt. Morrison time. (See also left side of 


Plate 103, figure 2.) 


Fig. Creek Canyon 
Looking southwest from a point near the northern edge of the town of Golden. 
The well developed shoulder about half way up the mountain to the left repre- 
sents the Mt. Morrison berm. The mature valley profile below, and to the right 
of this, is referred to the Orodell stage. 
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FLANKING PEDIMENTS AND BERTHOUD PASS 
Fig. 1—H1GH TERRACES DEVELOPED ON THE TILTED SEDIMENTARY ROCKS AT THE FOOT 
OF THE MOUNTAINS SOUTH OF COLORADO SPRINGS 


Aerial view looking south from an elevation of 6,800 feet over a point 3.8 miles 
south of Kelker. The upper terrace (1 A) in the left middle distance is cor- 
related with the Orodell berm. The profile of this terrace, and the lower ones, 
indicates pedimentation. 


Fig. 2—ContTINeENTAL DIvIvE 


Aerial view from an elevation of 16,200 feet, looking northwest from a point 
three miles southwest of Berthoud Pass. Mt. Meeker (1A) and Bald Mountain 
(2E) appear on the skyline, and Epworth Mountain (3B) and Rollins Pass 
(3C), with the Moffit Railroad visible in it, appear in the left background. 
Berthoud Pass (5F) can be seen in the right center foreground. The upper 
Flattop peneplain shows in the left foreground at 12,000 feet and at a lower 
elevation on Bald Mountain in the background, where it probably merges with 
the lower Flattop surface. The series of smooth westward-sloping spurs and 
ridges in front of Mt. Meeker may represent warped remnants of the upper 
Flattop peneplain, with the lower Flattop surface showing parallel slopes to the 
left of Rollins Pass. The smooth slope at the crest of James Peak (3G) is 
about 1,000 feet above the surface in the left foreground, but lies on the east 
side of a westerly-dipping normal fault that passes through Rollins Pass and 
Riflesight Notch (4D) and probably extends south through Berthoud Pass. 
The marked westerly slope of the erosion surfaces to the left of Rollins Pass 
is probably due to the down-warping of the Middle Park region in late Eocene 
time, but the slope just to the right of Mt. Epworth may be caused by the 
weathering and erosion of the wide Riflesight Notch fault zone. 

Remnants of the Green Ridge surface show in front, and to the left, of Bald 
Mountain. The eastward slope of this surface may indicate warping, but as the 
area visible lies in the transition zone between the Green Ridge and the Flattop 
peneplains the slope may, in large part, reflect the merging of the two erosion 
surfaces. 

Three well-defined cirques mark the ridge to the left of Berthoud Pass. 
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FOREWORD 


Glauconite is a green or blue, in some cases brown, hydrous silicate 
of potassium, magnesium, aluminum, and ferrous and ferric iron. The 
mineral was first defined over a century ago,’ and it has been de- 
scribed many times since: from Recent marine sediments, from nearly 
every part of the geologic column containing marine sedimentary rocks, 
and from some non-marine rocks. 

From the date of its discovery, the origin of glauconite has been 
obscure. The theory most commonly used to account for its genesis 
was in 1891 proposed in the report of the Challenger expedition.? Its 
authors did not consider their theory as final, but they presented in that 
report a clear and usable set of facts. Although the theory has been 


* Manuscript received by the Secretary of the Society, December 24, 1934. 

1Ch. Keferstein: Deutschland, geogn. geol. dargestellt, Bd. 5, III. Heft (1828) p. 510. 

2 John Murray and A. F. Renard: Report of the Challenger Expedition, Deep Sea Deposits (1891) 
p. 385. 
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used practically in its entirety by some writers, there are others who 
have modified it or even ventured different theories. 

Dredging in Monterey Bay, California, over a period of years enabled 
the present writer to gather a series of facts bearing on glauconite as it 
is forming there now. These facts conform, in a general way, to Hum- 
mel’s * observations on biotite alteration, made years ago. In so far as 
the bay is concerned, the results are: 


1. The mineral is the end product of the alteration of biotite. 

2. On an areal map of the sediments, those containing glauconite 
are the off-shore equivalent of those containing biotite. 

3. The alteration of the biotite involves: the oxidation of its iron; 
the retention of its potash; hydration; partial loss of aluminum; and 
changes in structure, such as swelling and cracking, which accompany 
the alteration. 

4. The alteration of biotite into glauconite is started in the sulfure- 
tum (the black mud environment) produced in some of the sediments 
by the sulfur bacteria. It continues as long as biotite is present in the 
persistently and definitely alkaline sea water. 

5. Some of the glauconite in the bay has been ‘rv the process of form- 
ing since the last diastrophic movement in the region; that is, probably 
since late Pleistocene time. 

6. Where glauconite is forming from biotite the deposition of fine 
marine sediments is slow. 
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3K. Hummel: Entstehung eisenreicher Gesteine durch Halmyrolysis, Geol. Rundschau, Bd. 13 
(1922) p. 50-78; Die Ozford-Tuffte der Insel Buru und ihre Fauna, Palaeontographica, Suppl. IV, 
Abt. III, Abs. 4 (1923) p. 122 and 123. 
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BIOTITE AND GLAUCONITE DISTRIBUTION 


From much dredging in the shallow water area (zero to one hundred 
fathoms) of Monterey Bay a series of facts have become obvious: 

1. Micas are seldom found between the strand line and five or ten 
fathoms, for the water is too mobile to allow the flaky forms to come 
to rest. 

2. Instead, they are wafted farther out and deposited at a greater 
depth, where there is less wave action. Below five or ten fathoms, in 
particular, the micaceous minerals are dropped on the bottom. They 
are especially abundant in the sediments lying between twenty and 
thirty fathoms. In Figure 1 the areas where biotite is especially rich 
have been so designated. In general, they lie in either the very fine 
sand or mud areas. 

3. The major part of the biotite in the near-shore sediments is brown. 
This is especially true in the southern end of the bay, where the granite 
of the Monterey Peninsula contributes the major portion of the material. 

There is always present, however, a certain amount of green biotite 
with brown. The percentage in the sediments increases with depth and 
distance from shore. The percentage of brown biotite decreases corre- 
spondingly. 

4. Glauconite begins to occur in the sediments together with biotite 
at depths as little as five or ten fathoms; and coordinately, as the per- 
centage of glauconite increases, the percentage of biotite, green and 
brown, decreases. 

5. Finally, at about fifty fathoms, glauconite becomes very abundant 
and gives the sediments a dark greenish cast (Pl. 109, fig. 1). Brown 
and green biotite nearly disappear and that found is usually in various 
stages of alteration. In Figure 1 a heavy dashed line includes all sam- 
ples containing glauconite. In the shallower samples it is fairly rare, 
and biotite is the dominant mineral of the biotite-glauconite series. 
It is a gradational relationship, however, and those samples having 
plain circles show that biotite dominates, while those having pronged 
circles indicate that glauconite dominates. 


PHYSICAL CHANGES FROM BIOTITE TO GLAUCONITE 
STRUCTURAL CHANGES IN THE MINERAL GRAINS 


In the mineral grains themselves lies the most important evidence 
proving that glauconite is the end product of altered biotite. From all 
the samples which contain glauconite, series of grains have been picked 
which show, step by step, the changes that occur between unaltered 
brown biotite and the final, typically developed, green glauconite. 
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DISTRIBUTION OF GLAUCONITE, 
BIOTITE AND SEDIMENTS 


Ficure 1.—Bottom deposits of Monterey Bay 


Adapted to show the distribution of glauconite and biotite. The 
mineral dominating each sample is indicated. Every sample con- 
taining glauconite occurs within the heavy dashed line. Submerged 
Pleistocene river gravels are indicated by open stippling. Contours 
outline the submerged channels extending down to 400 fathoms. 
Numbers within circles refer to station numbers, not depths. 
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The structural changes which take place are shown in Plate 110, on 
which photographs of individual grains from different samples have 
been assembled. These are representative of the different types of 
grains showing the transition. The transitional period can be divided 
into about seven stages, as follows: 


1. Unaltered biotite. The biotite of the bay sediments is, in general, 
dark brown in thin flakes and black in the thick, flat grains. This is 
particularly true of the biotite derived from the granite exposed in the 
Monterey Peninsula at the southern end of the bay. 

2. Biotite altered in part to green, with some of the original brown 
remaining. The alteration always proceeds from the edges toward the 
center. The results are, in some cases, flakes which have brown centers 
almost completely surrounded by green borders. 

3. Biotite which is entirely green. In this stage a very light green 
alteration product, somewhat powdery glauconite, forms progressively 
along the cleavage planes. This is apparently the “chloritic” glau- 
conite,* “fibrous glauconite,” > or “crystalline glauconite,” * which sev- 
eral authors have described. 

4. With an increase in volume, especially by swelling along the cleav- 
ages, the grain begins to lose its micaceous form and becomes a more or 
less rounded prism. 

5. Some grains become so swollen along the cleavages that they 
suggest accordions or caterpillars. It was this kind of grain, with the 
typical granular glauconite, that Mansfield’ pictured in his report on 
the New Jersey greensands. The grains with radial structure which 
Cayeux ® described also belong here. 

6. Glauconite then forms across the cleavage planes as well as along 
them. The distortion that results from this process forms the grains 
into varied and fantastic shapes. Some of them even superficially re- 
semble Foraminifera, but the grains develop entirely independently of 
the shell of any organism. In only one grain out of the entire number 
of grains examined, some 800 or 1000, was there evidence that it had 


4J. E. Spurr: Origin of certain ore-deposits, Econ. Geol., vol. 10 (1915) p. 474. 
C. S. Ross: The “‘chloritic’’ material in the ores of southeastern Missouri, Econ. Geol., vol. 11 

(1916) p. 289-290. 

6 J. K. Prather: Glauconite, Jour. Geol., vol. 13 (1905) p. 511 and pl. 5. 

* Assar Hadding: The pre-Quaternary sedimentary rocks of Sweden. IV. Glauconite and glau- 
conitic rocks, Lunds Universitets Arsskrift, N. F. Avd. 2, Bd. 28:1 (1932) p. 114, 117. 

7G. R. Mansfield: Potash in the greensands of New Jersey, U. S. Geol. Surv., Bull. 727 (1922) 
pl. 4. 

8L. Cayeux: Contribution a@ l'étude micrographique des terrains sédimentaires, Soc. géol. Nord, 
Mém., vol. 4, pt. 2 (1897) p. 164. 
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developed in a foraminiferal shell, and in that particular case the shell 
was still around it. 

7. Finally the grains swell and become porous or spongy and struc- 
turally weak. They become uniformly light or yellowish green and lose 
practically all traces of the original biotite structure. Most of the 
grains are swollen to such size that they are not passed freely through 
the digestive tracts of the mud-dwelling worms. Consequently, when 
the organisms force the sediment, chiefly mud, through themselves they 
mould the glauconite grains into coprolites. Numbers of these objects 
have been collected from living organisms, principally worms. This 
type of material has also been described elsewhere.® 

No accurate estimate of the increase in volume of the grain during 
alteration has been made. It probably varies between ten and twenty 
times the original size, the expansion taking place principally in a 
direction perpendicular to the original biotite cleavage. It is little won- 
der that reports tell of glauconite occurring for the most part in broken 
foraminiferal shells. A small flake of biotite sifted into the aperture, 
or a crack in the shell, may swell to the enlarged volume and either 
fill the chambers or become so large that it forces the test to yield. 

The green silt and clay derived from the breaking down of the soft 
glauconite give the mud areas a greenish tint, especially near the areas 
richer in glauconite. The muds near shore and in the channels, how- 
ever, are generally dull gray and have few particles of the glauconite 
debris. When this loose green material penetrates cleavage cracks in 
feldspar it gives the grain a greenish color. Cayeux '° ventured to call 
this sort of thing pigmentary glauconite. Mansfield? has also re- 
ported flakes of glauconite in cracks of feldspar in the New Jersey 
greensands. It is apparently a feature common to many localities. 

In some cases a feldspar or quartz grain remains attached to a 
biotite flake that has gone far along in altering. Such composite grains 
give the false impression that glauconite is growing out of the quartz 
or feldspar grain. The remnant biotite cleavages in the glauconite, 
however, generally intersect the edges of the other mineral at acute 
angles, and, in thin sections especially, the demarcation between the 
two minerals is distinct. 


OPTICAL PROPERTIES OF THE TRANSITIONAL STAGES 


There is some variability in the optical properties of the biotite which 
is the source of the glauconite in Monterey Bay. Most of the tests have 


® J. Takahashi and T. Yagi: Peculiar mud-grains and their relation to the origin of glauconite, 
Econ. Geol., vol. 24 (1929) p. 838-852. 

Cayeux: ibid. 

1G. R. Mansfield: op. cit., p. 140. 
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been done on the same material that was used for chemical analysis; 
that is, biotite concentrated from the granite of the Monterey Penin- 
sula. The average index of the fast ray, determined by measuring it 
in many grains, is 1.60; it ranges from 1.59 to 1.61. The index of the 
slow ray averages 1.65 and ranges from 1.645 to 1.66. The mineral 
shows in thin section the characteristic pleochroism, from yellow to 
brown or yellowish brown. The birefringence is high. 

When the biotite turns green, the average index of the slow ray drops 
to about 1.63, but that of the fast ray apparently does not fall lower 
than 1.59 or 1.60. Although the birefringence is decreased to approx- 
imately 0.04 it may still be considered high. Pleochroism varies from 
none at all in some grains to the combination of green to yellowish or 
brownish green in others. Those which show no pleochroism are the 
more altered ones. They likewise show wavy extinction and the begin- 
nings of the aggregate structure so characteristic of the later stages. 
Some grains go into extinction uniformly at one end of the grain while 
the other end shows wavy extinction. 

As alteration proceeds and the glauconite envelops and cuts through 
the lamellae, both the birefringence and the pleochroism decrease. The 
final stage may be described as a light green or yellowish green mineral 
without pleochroism, with low birefringence, an average index of refrac- 
tion of 1.60 or 1.62, and with aggregate polarization. 

There are numerous stages between the green biotite and the final hy- 
drated product, glauconite. There are consequently numerous optical 
characteristics which change gradually, and correspond to the partic- 
ular stage of development. It is hazardous to give optical constants 
and a rigid definition for glauconite,’* for they may not apply to all 
the numerous variations. 


GEOCHEMISTRY OF GLAUCONITE 
GENERAL CONSIDERATIONS 


There are several simple facts that explain the alteration of biotite 
to glauconite. In the first place, glauconite occurs, with rare exception, 
in close association with areas of quiet black muds and sands. In the 
second place, the black mud is an anaerobic environment, but oxidation 
processes are, nevertheless, carried out therein. Dehydrogenation is 
the equivalent of oxidation, and it is an active anaerobic process. 


12.C, 8S. Ross: The optical properties and chemical position of glauconite, U. S. Nat. Mus., 
Pr., vol. 69, art. 2 (1926). 
See also the controversy between A. F. Hallimond: The formula of glauconite, Am. Mineral., 
vol. 13 (1928) p. 589, 590; and Hyrum Schneider: A study of glauconite, Jour. Geol., vol. 25 (1927) 
p. 289-310. 
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In an article on the sulfur cycle in sediments,** the writer showed the 
steps by which sulfur is oxidized to sulfate, the process being exothermic. 
Similarly in glauconite, although it forms in an anaerobic environment, 
practically all the iron is finally oxidized to the trivalent state, as the 
chemical analyses show. In fact, when the glauconitic sands and muds 
are dredged they reek with hydrogen sulfide, one of the strongest reduc- 
ing agents and a product of anaerobiosis. Yet the glauconite grains in 
these samples are commonly flecked with, or sometimes even coated by, 
brown ferric hydroxide. The fact that glauconite is not homogeneous 
further negates the idea of endowing it with a chemical formula. 

It is suggested that the process of oxidation in the sulfuretum is 
accomplished, as with sulfur, by dehydrogenation following hydrolysis: 


2FeO + H.0 = 2FeO = 2H + Fe.0, 


H 


Fermentation processes, nitrate reduction, and sulfate reduction act 
as hydrogen acceptors in the sulfuretum, and the sum total effect of the 
dehydrogenation process is to liberate energy. The energy thus set 
free may be used by certain micro-organisms, referred to at greater 
length in the article just cited. 

Oxidation may also take place, of course, in the overlying brown 
muds which are well aerated. The organisms, principally worms, are 
apparently continually stirring the sediments, and there is the possibil- 
ity of the addition of iron to some of the spongier glauconite by its inti- 
mate contact with the ferric hydroxide developed in the upper brown 
layer. 

A last fact concerns the alkaline environment in which the alteration 
takes place. The sea-water is very definitely and very persistently an 
alkaline solution. Its hydrogen ion concentration (pH) remains around 
8.3 to 8.0. It is a chemically active solution and tends to hydrolyze 
compounds. In spite of the statement found in most text books on 
oceanography that potassium is withdrawn, inorganically, from sea- 
water, the opposite is the case. The following data are the subject of 
a more complete paper to be published later, but they may be sum- 
marized here: Potassium salts soluble in fresh water are also readily 
soluble in sea-water ; the ocean is by no means saturated with potassium 
salts, and they are among the very last to precipitate when it evap- 


13E. W. Galliher: The sulphur cycle in sediments, Jour. Sed. Petrol., vol. 3 (1933) p 54. 
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orates; silicate minerals and glass decompose in sea-water with the 
tendency toward removal of the alkalies, the alkaline earths and alumi- 
num, accompanied by hydration. 

Biotite apparently follows a similar procedure, as the chemical anal- 
yses show. 

CHEMICAL ANALYSES 

The analyses presented include: (1) Biotite concentrate from the 
granite of the Monterey Peninsula; (2) the firm type of glauconite 
generally distributed in the bay, but especially abundant near the 
granite body (station No. 153); (3) the spongy type of glauconite 
found in nearly all the samples, but especially well developed at 
stations 117, 128, 147, and 156—the concentrate for analysis comes 
from station No. 128. 


Taste I—Analyses * 


2. Firm type 3. Spongy type 
1. Biotite glauconite, glauconite, 
(Per cent) ‘Station No. 153 Station No. 128 
(Per cent) (Per cent) 
0.79 3.95 0.89 
8.68 4.12 4.90 
Organic Matter ................;. Trace Trace 


* Analyses made by Abbot A. Hanks, Inc., San Francisco. 


Comparison of the analyses shows that by the decrease in alumina, 
potash, and magnesia, there remain proportionately larger amounts of 
silica and iron oxides. Nearly all the ferrous iren is oxidized to the 
ferric state. In the spongy type of glauconite from station 128 there is 
apparently an excessive amount of iron, perhaps absorbed when the 
material was mixed in the mud with ferric hydroxide of the top brown 
layer. It is easily visible in all grains as a brown stain, in some cases 
confined to the surfaces, in others penetrating throughout the spongy 
masses. 
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The calcium oxide and excessive silicia in the firm glauconite is due 
to the admixture of about seven per cent of feldspar and quartz and a 
small amount of shell material. 

Water in the final glauconite is nearly double that in the biotite. 
Hydration is probably the principal cause for the excessive cracking 
and swelling so characteristic of this soft glauconite. 

It is evident that some of the chemical problems of glauconite forma- 
tion disappear upon recognizing that it develops from biotite. The 
greatest difficulty that Murray and Renard encountered in their theory 
of glauconite genesis was to get the potash that was supposed to be 
drawn out of sea-water into the iron-aluminum-magnesium-silica-gel 
they hypothesized. But even as late as 1912, Murray and Hijort ** 
wrote: “The chemistry of its genesis is a complete mystery.” They 
had been trying to build up a mineral, of course, instead of forming it 
by the breakdown of another. Their theory has been used, inciden- 
tally, by Goldman** to account for greensand beds of the geologic 
column. 

The similar potash contents of biotite and glauconite may be demon- 
strated in analyses other than those presented here. In the biotite 
analyses compiled by both Dana’** and Clark,” potash ranges from 
6 to 10 per cent. Similarly, the analyses of glauconite given by them, 
as well as Hallimond’s,’* show potash ranging from 6 to 8 per cent. 
Numerous other published analyses of glauconite give ranges from 2 
to 8 per cent. 

Comparing the same analyses demonstrates lower aluminum content 
in glauconite than in biotite. The latter ranges from 12 to 20 per cent 
alumina and the former from 4 to 12 per cent. Correspondingly, mag- 
nesia may vary from 5 to 20 per cent in biotite and 2 to 4 per cent in 
glauconite. 

The analyses, the analysts, and the localities from which the data 
come are varied. But varied though the data are, the similarities of 
biotite and glauconite composition are always apparent. When more 
work is done on the chemistry of glauconite from particular localities 
and on the mica of the land mass from which it was derived, we shall 
probably have not only the complete story of glauconite but possibly of 
greenalite as well, for the alteration of a potash-poor and iron-rich mica 
might yield a mineral corresponding to greenalite, if the type of altera- 


%4 John Murray and Johan Hjort: The depths of the ocean (1912) p. 189. 

15M. I. Goldman: General character, mode of occurrence, and origin of glauconite (abstract), 
Wash. Acad. Sci., Jour., vol. 9 (1919) p. 501-502. 
3%* EF. 8. Dana: System of mineralogy (1904) p. 630, 684. 
17 F, W. Clarke: Analyses of rocks and minerals, U. 8. Geol. Surv., Bull. 591 (1915) p. 93, 332, 340. 
38 A. F. Hallimond: On the constitution of glauconite, Mineral. Mag., vol. 19 (1922) p. 330. 
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tion described here operates. In fact, Leith’s’® greenalite granules 
appear to be bulbous granules and coprolites, similar to the swollen 
glauconite described here. 


GEOLOGICAL FACTORS OF GLAUCONITE FORMATION 
REGIONAL CONSIDERATIONS 


Recent occurrences of glauconite, as recorded by several writers,”° 
always lie adjacent to land masses where plutonic or metamorphic com- 
plexes are exposed to erosion. These rock types are, of course, excellent 
sources of biotite and other micaceous minerals which, when dumped 
into the ocean, become potential glauconite and glauconite-like min- 
erals. It is not at all surprising the Challenger Expedition ** found 
that: 


“Glauconite is almost always accompanied by quartz, orthoclase often kaolinized, 
white mica, plagioclase, hornblende, magnetite, garnet, epidote, tourmaline, zircon, 
and fragments of ancient rocks, such as gneiss, mica-schists, chloritic rocks, granite, 
diabase. . . .” 


Those are the minerals of the plutonic and metamorphic complexes, 
and it would be most unusual if glauconite, the altered biotite, were not 
found with them. Because they did not find the complete series of mica- 
to-glauconite stages, the same authors said: 7? 


“In many samples of Green Muds and Sands are numerous minute particles 
about the same size as the glauconite grains, and having the same mamillated sur- 
face, of a brownish or green color, but these from their internal structure are ap- 
parently highly altered grains of crystalline, schisto-crystalline, and other rocks.” 


That these writers did not realize that biotite can supply the neces- 
sary potassium, as well as iron, for glauconite formation, is definitely 
implied in the latter part of the following statement: 2* 


2%C. K. Leith: The Mesabi iron-bearing district of Minnesota, U. 8. Geol. Surv., Mon. 43 
(1903) p. 101. 

For more recent work on greenalite see W. J. Mead in C. R. Van Hise and C. K. Leith: The 
geology of the Lake Superior Region, U. S. Geol. Surv., Mon. 52 (1911); F. Jolliffe: A study of 
greenalite, Am. Mineral., vol. 20 (1935) p. 405-425. 

2 Among others: John Murray and A. F. Renard: op. cit.; L. W. Collet and G. W. Lee: Recher- 
ches sur la Glauconie, Roy. Soc. Edinburgh, Pr., vol. 26 (1906) p. 238-278; Shoshiro Hanzawa: 
Preliminary report on marine deposits from the southwest North Pacific Ocean, Records Oceano- 
graphic Works Japan, vol. 1 (1928) p. 59-77; E. M. Thorpe: Descriptions of deep-sea bottom 
samples from the western North Atlantic and the Caribbean Sea, Scripps Inst. Ocean., Bull., Tech. 
ser., vol, 3 (1931) p. 1-31; M. J. Thoulet: Etude bathylithologique des cétes du Golfe du Lion, 
Ann. Inst. Océan., tome 4, fasc. 6 (1912). 

21 John Murray and A. F. Renard: op. cit., p. 383. 


See also, for a corresponding statement, J. Murray and E. Philippi: Die Grundproben der 
deutschen Tiefsee-Expedition, Wiss. Ergebn. d. deutschen Tiefsee-Exped. auf dem Dampfer 
“Valdivia,’’ 1898-1899, Bd. 10 (1908) p. 176. 
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22 Op. cit., p. 380. 
23 Op. cit., p. 389. 
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“It was pointed out that glauconite was always associated with terrigenous 
minerals, and in particular with orthoclase more or less kaolinized and white mica, 
and with the debris of granite, mica-schists, and other ancient rocks. We cannot 
fail to be struck with these relations, for it is just those minerals and rocks that 
must give birth by their decomposition to potassium, derived from the orthoclase 
and the white mica of the gneisses and granites.” 


THE TIME FACTOR OF GLAUCONITE FORMATION 


Murray and Renard explained why there is the long stretch of com- 
paratively glauconite-free sediments off the east coast of South America, 
although plutonic and metamorphic complexes are exposed inland. 
Their observations apply to the rate the material is being deposited 
and its subsequent exposure in the environment where it alters. They 
said: *4 

“Whenever there is a large quantity of ferric hydrate in a terrigenous deposit, 
as off the Brazilian shores, or whenever the deposit is chiefly made up of river 
detritus that bears evidence of having accumulated at a rapid rate, glauconitic 
matter is either absent or developed to a very small extent. ... On the other 
hand, when there is a large number of the fragments of ancient rocks that have 
apparently been for a long time exposed to the action of sea-water, and have con- 
sequently undergone much alteration, then glauconite grains... are usually 
abundant. ... These conditions are as a rule met with along high bold coasts 
removed from the embouchures of large rivers . . .” 


A similar set of observations in Monterey Bay, and a directed line 
of reasoning, indicates that the presence of glauconite in the sediment 
depends on the length of the diagenesis period of its parent mineral 
biotite. Near shore and down the submarine channels of the bay 
(Fig. 1) biotite dominates over glauconite. In fact, in the main east- 
west channel no glauconite at all has been found. Correspondingly, 
most of the sediment contributed to the bay is dropped near shore. 
Sand is deposited close in, mud a little farther out on the shelf and down 
the channels. Only a small amount of mud is carried to the extreme 
western edge of the shelf, with the result that Pleistocene river gravels 
lie there uncovered. 

Because deposition is so rapid in the near-shore and channel areas, 
biotite does not alter to glauconite. Before time has elapsed for the 
alteration to take place the sediments are covered and protected from 
the overlying water. Where deposition is slow, the change has time to 
occur before burial. 

Perhaps dredgings in other localities will some day give a more 
definite control on the time factor in glauconite genesis, particularly if 
those localities are in regions where definite information may be 


% John Murray and A. F. Renard: op. cit., p. 236. 
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Ficure 1. LiITHOLOGIC CHANGES 
Group of sediments comprising samples 27, 29, 30, 31, and 153, from the south end of 
the bay, at depths from 25 to 59 fathoms. They show color change due to increased 
glauconite and silt content. Brown biotite (27) is the only dark mineral in the white 
arkose. End sample (153) is dark green from glauconite. Line represents one centimeter. 


Ficure 2, GLAUCONITE CONCENTRATE 
Concentrate of spongy glauconite, much of it molded into coprolites, left when silt was 
removed from sample 128. Some intermediate mica-g] ite stages lie to the right. 
Sample depth, 60 fathoms. Line represents one millimeter. 


SAMPLES AND CONCENTRATE 
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PLATE 110 
BIOTITE TO GLAUCONITE TRANSITION STAGES 


Grains from a number of samples representing various transition stages. Black and white draw- 
ings are placed immediately below the respective grains to emphasize boundaries between altered 
and unaltered parts. 


Figures 1 anp 2. 
Grains (sample 44) in part, still brown; in part, altered green. 


Ficgure 3. GREEN BIOTITE 
Grain (sample 128) swollen along cleavages by alteration. 


Ficure 4. Buiorite 
Grain (sample 153) spread by alteration to resemble an accordion. 


Ficures 5,6, aND 7. BIoTITE 
Swollen grains with alteration crossing the cleavage plane. Grains 5 and 7 from sample 128; grain 
6 from sample 153. 


Ficure 8. GLAUCONITE ? 
This grain (sample 128) would commonly be called glauconite. It has been thoroughly altered but 
has the remnant cleavage traces. 


Figure 9. GLAUCONITE 
Swollen and spongy grain (sample 128) still retaining traces of original biotite structure, with 
cleavage preserved in lower right hand corner. 


Figure 10. GLAucoNITE 
Pellet (sample 128) formed from material similar to figures 8 and 9. Its shape is the result of pas- 
sage through the digestive tract of a mud-dwelling worm. In spite of the vigorous treatment recei- 
ved, remnant mica cleavage lines are preserved, especially in the lower half of the grain. 
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obtained on the duration, volume, and intermittency of sediment 
deposition. Meanwhile, the fundamental conclusions of the Challenger 
Expedition 7° will continue to apply, even though their significance is 
somewhat changed: 

“Where the detrital matters from rivers are exceedingly abundant, and where 
there is apparently a rapid accumulation, glauconite, though present, is relatively 
rare; on the other hand, along high and bold coasts where no rivers enter the sea, 
and where accumulation is apparently less rapid, glauconite appears in its most 
typical form and greatest abundance.” 


SUMMARY 


In Monterey Bay, California, glauconite replaces biotite in the sedi- 
ments as they are followed off-shore to deeper water. The sediments 
are derived principally from a granitic and metamorphic basement com- 
plex. 

From any given sample containing glauconite, a series of grains may 
be picked which show the transition from biotite to glauconite. Flat 
flakes of brown biotite become inflated, spongy grains of glauconite. 

The optical properties of the intermediate biotite-to-glauconite stages 
show progressive changes characteristic of each stage. 

In the formation of glauconite, biotite loses some of its aluminum, 
some potassium, and some magnesium; it gains water while most of the 
iron is oxidized. The factors that control these changes are: (1) the 
alkaline solution, sea-water; (2) the conditions operating in the ana- 
erobic black muds and sands and the oxidized layer overlying them. 

Slow sedimentation in the bay, allowing a long diagenesis period for 
biotite, is necessary for its alteration to glauconite. 

As for regional problems of glauconite occurrence, the fact that glau- 
conite forms from biotite explains why: 


1. Glauconite is not common in deep-sea deposits. For most mica- 
ceous minerals come to rest around continental shores before reaching 
great depths. 

2. Glauconite is found near land masses of plutonic and metamorphic 
rocks, for biotite is one of the most prominent minerals eroded from 
such rocks. 

3. Glauconite composition, especially potash content, varies from 
place to place, for it must depend on the tenor of the elements, partic- 
ularly potassium, in the biotite of the plutonic or metamorphic prov- 
ince from which it comes. 


33 Op. cit., p. 382. 
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4. Glauconite should be, and is, one of the widely distributed min- 
erals, for it forms from one of the most prominent of the rock-forming 
minerals, biotite. 
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INTRODUCTION 


Of all Antarctic glacial features, none is as characteristic or as dis- 
tinctive and none has excited as much interest and as much speculation 
from explorers, as the areas of shelf ice which occupy protected or 
partly protected areas about the continent. The best known and largest 
of these is the Ross Shelf Ice, which extends northward from the head 


* Manuscript received by the Secretary of the Society, March 6, 1985. 
(1367) 
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of Ross Sea approximately 500 miles at its broadest part and whose 
seaward margin is 100 miles greater (Pl. 111). 

The expression, Ross Barrier or Ross Ice Barrier, has held a secure 
place in Antarctic literature too long to be completely abandoned, even 
though it is by no means as descriptive as the term Ross Shelf Ice. The 
latter term is used in this paper to include the whole mass, and Barrier 
or Ross Barrier identifies only the northern face or escarpment (Fig. 1). 


ROSS BARRIER —-- 
AND SHELF ICE ~ 
ANTARCTICA 


ROSS SEA 


1.—Ross Barrier and Shelf Ice 
Showing flight to Rockefeller Mountains and route covered by geological sledge party. 


It was this wall of snow-ice which stopped Ross’ advance and inspired 
his name “barrier,” which later explorers have made to include a much 
more extensive feature. 

The southern * and western boundaries of the Ross Shelf Ice and the 
barrier margin have been fairly well mapped, but the eastern limits are 
still indefinitely delimited. The writer’s geological studies * in the Queen 
Maud Mountains, together with careful petrographic studies by 
Stewart,® and detailed examination of aerial photographs of the Edsel 
Ford Mountains have convinced him that the latter mountains bound 
a great plateau, even as the South Victoria-Queen Maud Mountains 


2L. M. Gould: Some geographical results of the Byrd Antarctic Expedition, Geog. Rev., vol. 21 
(1931) topographic map opposite p. 194. 

21. M. Gould: Structure of the Queen Maud Mountains, Antarctica, Geol. 8oc. Am., Bull., vol. 
46 (1985) p. 978-984. 
* Duncan Stewart: A contribution to Antarctic Petrography, Jour. Geol., vol. 42 (1935) p. 550. 
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horst bound the Polar Plateau. I have pointed out further, that our 
exploration along the foot of the Queen Maud Mountains demonstrated 
a northward swing in the trend of the range, indicating that its horst- 
plateau structure was probably co-extensive with the Edsel Ford Moun- 
tains, and that the eastern boundary of the Ross Sea depression would 
be roughly defined by a line drawn from the Edsel Ford Mountain front 
to our Supporting Party Mountain. Radio reports of the explorations 
of the second Byrd Antarctic Expedition indicate that these specula- 
tions are well founded. Thus, the recurring speculation concerning a 
possible connection between the Ross and Weddell seas is permanently 
eliminated. 
TOPOGRAPHY 
GENERAL STATEMENT 


We sailed along the Barrier from Discovery Inlet to the Bay of 
Whales. Its height varied from 5 to 150 feet and immediately east- 
ward beyond the Bay of Whales reached its greatest observed height 
of 200 feet. 

On a sledge journey * from the Bay of Whales to the foot of the 
Queen Maud Mountains, thence eastward into Marie Byrd Land, and 
on a return trek over the same route, shelf ice heights were measured 
with a large Tycos surveying aneroid with a vernier reading to the 
nearest two feet. This instrument was frequently checked against two 
smaller aneroids, and, wherever possible on our return trek, readings 
were taken at observation stations established on the southbound 
journey. Therefore, the values indicated in Plate 111 are, for the most 
part, the mean of at least two sets of readings taken a month or more 
apart. All observations made on the trail were corrected later by refer- 
ence to the continuously recorded barometric pressures obtained at 
Little America. 

The mean of our observations (leaving out of account Prestrud 
Island,® standing more than 1000 feet high, 45 miles south of Little 
America) gives an approximate value of 290 feet, which is considerably 
higher than any previous estimate. Wright and Priestly * believe a 
mean of 150 feet to be essentially correct. The writer has taken the 
average of these two estimates, 220 feet, as the mean altitude given on 


*L. M. Gould: Cold—The Record of An Antarctic Sledge Journey, Brewer, Warren & Putnam, 
N. Y. (1931). 

6 Prestrud was an important member of Amundsen's South Polar expedition, and this important 
feature, which has heretofore had no specific designation, is named for him. 

*C. 8S. Wright and R. E. Priestly: Glaciology, British (Terra Nova) Antarctic Expedition 1910- 
1913, Harrison and Sons, Lid., London (1922) p. 217. 
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Plate 111 and Figure 1. Since about one-fifth of the volume of floating 
shelf ice stands above sea level, the above estimate indicates a mean 
thickness of 1100 feet, in contrast with 750 feet as estimated by Wright 
and Priestly. These figures can be regarded as little more than guesses. 
Altitude determinations made by aneroid at such great distances from 
control points are unavoidably inaccurate. 

Since our route lay parallel to or nearly coincident with that traversed 
by Amundsen in 1910-1911, it is of particular interest to compare our 
data with his. For the following table I have selected only values 
that correspond in latitude for both journeys. The data for the Amund- 
sen route are taken from a map prepared by the American Geographi- 
cal Society in 1928. 


Altitudes by Altitudes by Altitudes by Altitudes by 

Amundsen Latitude Gould Amundsen Latitude Gould 


It is apparent that there is at least a rough correspondence between 
the two sets of figures as far south as approximately 81 degrees and 50 
minutes. But from this point southward the differences are too great 
to be readily explained. The data indicate that latitude 81 degrees 
and 50 minutes South approximates the boundary between two very 
different sets of barometric pressure conditions. Fluctuations in our 
barometers at particular stations to the north were found to be roughly 
coincident with analogous changes at Little America, and the general 
correspondence of our data with those of Amundsen is significant. But 
readings taken south of this general locality were frequently anomalous. 
For instance, we were held in camp at 82 degrees and 5 minutes South 
for 36 hours by a blizzard, and later, when we attempted to correlate 
our barometric readings, taken over that time, with simultaneous ob- 
servations made at Little America, we found that our “altitude” had 
changed more than 200 feet! However, it will be noted that our data 
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show the Shelf Ice to be much more nearly uniform in height across 
its entire width than do Amundsen’s. According to his observations, 
the portion south of 81 degrees and 50 minutes is considerably lower 
than that to the north. There is no ready explanation for such a 
pronounced difference; the more nearly uniform but greater heights 
revealed by our figures are more consistent with the generally accepted 
notions about the origin and existence of the Ross Shelf Ice. One 
would naturally expect the southern portion to be at least as high, if 
not higher. 
SURFACE FEATURES 

The most characteristic surface features of the shelf ice areas which 
we crossed are the alternating ridges and furrows, known as sastrugi. 
These are elongated characteristically in the direction of prevailing 
winds. They are formed by erosion of previously packed snow, by 
deposition of wind blown snow, and by combination of the two proc- 
esses. Estimates of their size are usually excessive. I have heard 
members of our expedition describe sastrugi six feet high which, upon 
actual measurement, proved to be no more than two. Generally their 
height is a matter of inches, as indicated in Plate 112. The surface 
of the shelf ice is by no means all veneered with sastrugi. There are 
occasional and extensive areas of loosely packed snow. The most 
notable one stretched several miles north and south of latitude 82 de- 
grees. The dogs wallowed at times through snow up to their bellies, 
and the skiis and sledge runners sank so deeply that travelling was 
painfully slow. Amundsen’s report calls attention to such an area of 
soft snow in this same general region. It is perhaps significant that it 
lies in the approximate latitude south of which barometric pressure 
correlations with Little America were occasionally anomalous and the 
altitude determinations by this and the Amundsen party failed to corre- 
spond. At any rate, it is a locality of little or no wind, which is excep- 
tional in this windiest of all continents. 

In many places where the snow surface was neither soft nor rough- 
ened by sastrugi, it was covered with a rigid crust, compacted by strong 
winds over looser snow, which gave little support or even settled to 
leave vacant spaces beneath. Large areas would now and again give 
way with unexpected abruptness and accompanied by muffled roars 
or reports. 

RELIEF FEATURES 

Even such variations in height as those indicated on Plate 111 can 

hardly be considered real relief features. We were never conscious 
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of such variations except as they were revealed by the aneroid. We 
always had the illusion of travelling across a flat or slightly roughened 
plain. As a matter of fact, the only irregularities that deserve to be 
considered as relief features are associated with islands or reefs, such as 
Prestrud Island, and the undulations or open folds and associated 
crevasses near the foot of the mountains (PI. 113). 

The undulations of the shelf ice, caused by the thrust of entering 
ice tongues, increase in height but decrease in length or distance from 
crest to crest as we approached the foot of the mountains. The first 
ones were so low and so widely spaced that we unconsciously crossed 
a number. I first sensed their existence about 20 miles from the mouth 
of Liv Glacier, toward which we were heading. I looked back and 
was surprised at seeing neither of the two dog teams bringing up the 
rear of our party and immediately feared that they had fallen into 
one of the many crevasses which we had been crossing. Before we had 
time to investigate, the teams appeared as if from nowhere. They had 
been hidden from view in the very wide flat synclinal valley between 
two undulations or anticlines that were not more than from 15 to 20 
feet high and from one half to three quarters of a mile apart. 

As we approached the mountains, the height of the anticlines in- 
creased and the distance from crest to crest decreased. The surfaces 
were broken by crevasses which were generally normal to the axes of 
the folds. We had for some time been crossing a huge system of 
crevasses before we discovered the gently folded aspect of the region 
as a whole. As may be seen in Plate 113, the huge regularly spaced 
crevasses which extend into the shelf ice maintain the relationship of 
being at right angles to the axes of the incipient folds, even beyond the 
zone of recognizable folds. 

An attempt to climb Liv Glacier was abandoned when we found the 
lower portion thrown into coarsely crevassed folds. Thorne’s aneroid 
readings indicated that some of the anticlines were 500 feet higher than 
the adjacent synclinal troughs. Nowhere else did we find undulations 
of this order of magnitude. Their huge size appeared to be due to the 
combined effect of a more rapid movement in Liv than in any other 
glacier we observed, and to the interference from masses moving nearly 
parallel to the foot of the mountains from the southeast or the vicinity 
of Leverett Glacier (Pl. 111). 

Except for such folded areas as those just described, the piedmont 
zone of the shelf ice was generally lower than the portion we crossed 
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20 to 30 miles away. Where it was covered with snow this zone pos- 
sessed no distinctive surface features. Where the snow cover over the 
glacial ice had been partly removed the wet slushy surface was ruffled 
over considerable areas into unsymmetrical ripples. Completely ex- 
posed areas of white bubbly glacial ice were nearly level or gently 
undulating and irregularly “pockmarked” with cryoconite holes. 
Rarely were these filled with water, but more commonly a thin ice 
cover had formed, and the water had drained away. Dogs and men 
were repeatedly stumbling into them, though the holes were usually 
not more than 9 or 10 inches in diameter. 


MOVEMENT 
CHARACTER AND CAUSES OF MOVEMENT 


As glacial phenomena, areas of shelf ice are difficult to classify. 
Wright and Priestly ’ in their classical treatise on Antarctic glaciation 
place them in a special category. According to these explorers, such 
masses as the Ross Shelf Ice lie within a “zone of balanced forces,” in 
which all the attributes of normal or true glacial activity, supply, move- 
ments, and wastage are in balance. 

The most apparent cause of movement of the Ross Shelf Ice is the 
thrust of the ice tongues from the marginal glaciers. However, one 
must not be misled by this fact into the conception of an essentially 
stagnant mass of snow and ice moving northward due solely to such 
thrust and possessing little activity within itself. The shelf ice ac- 
commodates itself by plastic deformation, and from the variety of con- 
ditions under which such flow about the Bay of Whales was observed 
over a period of fifteen months, considerable movement, somewhat 
complex and comparable in rate with that of glaciers in more genial 
climates, does occur, and frequently without the betraying evidence of 
crevasses. 

As a matter of fact, crevasses seem to be chiefly characteristic of the 
inner margin, where the effects of the entering ice tongues are first and 
most intensely demonstrated. Elsewhere they are localized and appear 
to be associated with partial or complete grounding of the shelf ice on 
reefs or islands. Where there are no crevasses one may infer that the 
shelf ice is floating freely. 

Free-floating conditions would induce a thinning or expanding move- 
ment due solely to gravity if initiated by even minor irregularities of 


7C. 8S. Wright and R. E. Priestly: op. cit., p. 161. 
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relief or thickness. This is an important factor in causing motion 
within the shelf ice. Some investigators, indeed, assign to it as great 
a role as that played by the combined thrust of all marginal glaciers. 
It is pointed out that the extraordinary flatness of the surface of the 
shelf ice argues for the widespread operation of this process. On the 
other hand, such flatness may be due in large part to uniformity of 
supply and ablation over the surface as a whole. Wright ® believes 
it to be due chiefly to the existence of an effective water circulation 
beneath the shelf ice, for, he points out, melting would increase locally 
about any downward bulges. 

Whatever the relative importance of these two factors may be in 
initiating and causing motion, their effect is additive and directed to- 
ward the freely moving Barrier margin of the shelf ice. The rate of 
movement of this northern margin will, therefore, be far in excess of 
the rate of flow of the glaciers entering the Shelf Ice. As will appear 
later, the latter rate is probably far greater than has generally been 
believed, yet motion within the shelf ice is so easily achieved that 
glacial thrust pressure is insufficient to compact the neve or snow 
into white bubbly ice. 


CREVASSES AND DEFORMATION OF THE SHELF ICE 


Types of deformation.—We had the opportunity to observe the vari- 
ous types of deformation to which the shelf ice is subjected. Differen- 
tial or shear movements produce S-shaped crevasses, which are widest 
in the middle portion (Pl. 114). More pronounced movement of the 
same sort produces shear zones of considerable extent, in which great 
blocks with cross fractured surfaces become separated from the more 
stable areas on either side. Such zones of weakness along the barrier 
edge rapidly become “inlets,” as indentations are generally called. The 
fragmental material between the fracture blocks is first removed by 
waves and currents, thus releasing into the Ross Sea a curious type of 
iceberg which I have called a “bread crust’’ berg (Pl. 115). * 

The largest icebergs which we saw in the process of formation were 
associated with shear zones. Plate 116, figure 1 is an oblique view of 
the formation of such a berg—a quiet, almost unobservable operation, 
especially as compared with the turbulence which frequently attends 
the formation of true glacial icebergs along the Greenland coasts. 

Forty-five miles south of Little America we crossed the western slopes 
of Prestrud Island, which is a large, elongated, dome-shaped mass, with 


8C. 8. Wright: The Ross Barrier and the mechanism of ice movement, Geog. Jour., vol. 65 (1925) 
p. 202. 
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Figure 2. VERTICAL VIEW OF SHEAR ZONE 


CREVASSED AREAS NEAR THE HEAD OF BAY OF WHALES 


Figure 1. OBLIQUE VIEW OF SHEAR ZONE ; 


BULL. GEOL. SOC. AM. VOL. 46, 1935, PL. 115 


Figure 1. AREAS OF THIN SHELF ICE NEAR SULZBERGER Bay 
With “‘Bread Crust”’ bergs or “‘Ice Islands” surrounded by sea ice. 


Ficure 2. “‘Breap Crust” BERG 


Aerial Photographs by A. C. McKinley 


Figure 3. CRross-FRACTURED BLOCKS IN SHEAR ZONE 
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nearly east-west axis. This is undoubtedly an ice-covered island for 
it rises to 1000 feet where we crossed it, and appeared to be even higher 
farther east. In other words, it is at least 600 feet higher than the 
general level of the shelf ice about it. This is really an excellent ex- 
ample of Wright and Priestly’s ® “Island Ice,” for the ice cover has not 
been formed by the over-riding of the northward-moving shelf ice, but 
is of independent origin and was probably in existence long before the 
northward-growing shelf ice had reached this latitude. Likewise, it 
will persist as island ice after the shelf ice about it has disappeared. 

The shelf ice is not piled up against the southern side of the island 
in great parallel fractured anticlines, as one might expect. The south- 
ern slope of the island is gentle and deflects the shelf ice to the east and 
the west. As we came down the southern slope of the island we crossed 
a shallow but little-fractured trough before attaining the prevailing 
level. Beyond, the surface was crevassed for a few hundred yards but 
not to such an extent that we were not able to travel along easily. We 
had apparently hit the apex of semi-stagnant ice between the more ac- 
tively moving parts to the east and to the west of Prestrud Island. 
From our limited range of view it appeared that the ice streamed around 
the island, producing pronounced shear zones on either side, which 
joined farther north to form the margins of the Bay of Whales. Plate 
114 illustrates details of these zones. A part of our southward journey 
from the head of the Bay of Whales to this point had been within sight 
of the western fracture zone, and I find this statement about it in my 
log of the trek: 

“The great depression which we saw on our right yesterday and whose 
rim we skirted was with us to-day. At noon we could see it bearing 
more to the east—our route was altered slightly to the east to avoid 
it. . . . At 1:30 we crossed the continuation of this embayment— 
a few haycocks *° about us—a few narrow crevasses for perhaps three- 
quarters of a mile as we continued our way to the south but none seri- 
ous at all. 

“Looking back at the great valley that had up until now persisted 
on our right it seems to me that it may well represent a former great 
embayment or prolongation from the Bay of Whales—a younger part 
of the Shelf Ice.” 
°C. 8. Wright and R. E. Priestly: op. cit., p. 147. 
1% Small protuberances a few feet in height on the shelf ice surface are referred to as haycocks. 


Some are low flat cones, and some are steep-sided domes; the resemblance of the latter to small 
heaps of hay gave rise to the term. 


q 


1376 L. M. GOULD—THE ROSS SHELF ICE 


Naturally, variations in the rate of movement about Prestrud Island 
will be reflected in varying patterns in the shear zones and, hence, in 
the pattern of the Bay of Whales itself. Figure 2 demonstrates that 
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Ficure 2—The Bay of Whales e 


these have been great from the time of Scott’s survey in 1902 to the 
present survey made by Blackburn and Coman of the first Byrd Ex- 
pedition. 

The broken area between latitudes 81° and 82°.—An obstacle quite 
different from Prestrud Island stems the northward movement of the 
shelf ice between latitudes 81° and 82° to produce a profoundly cre- 
vassed region (PI. 117, fig. 2). Not only is there no possible ice-covered 
island here, but, on the contrary, the region is generally lower than any 
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other portion of the Shelf Ice we crossed. The obstacles may be reefs 
which the ice over-rides. 

Crossing from north to south we first came upon stagnant old cre- 
vasses filled with snow and ice. These gave way farther south to par- 
tially filled crevasses that widened here and there into circular depres- 
sions, from 5 to 15 feet across, which resemble’sink holes. Haycocks 
made their appearance and increased in number toward the south. 
Some of these were flatly conical, broken or faulted domes; others were 
the steep-sided bee-hive shaped variety. Some of the latter consisted 
of such thin rinds of ice that they could be shattered by a ski stick to 
reveal a chasm below; such are probably ancestral to the sink-like 
depressions. Just beyond the haycock zone the ice was freshly frac- 
tured into such mazes and on such a grand scale that progress was slow 
and hazardous. The shapes and distributions of these young crevasses 
indicated that the active forces causing the deformation came from 
south-southeast. Of all similar phenomena which we saw throughout 
the course of our sledge journey none showed such unmistakable evi- 
dence of great and rapid movement. Not only were the fractures fresh 
and clean-cut, but there were times when the snapping and cracking 
of the ice as many new cracks were formed about us sounded like a 
fusilade of rifle and cannon shots. The fact that the northern portion 
of this broken area is at least partially stagnant indicates a piling up 
or massing of the ice on the southern side as it fails to over-ride com- 
pletely the hidden reefs. 

Low open folds, whose axes displayed some complexity of pattern 
with east-west to northeast-southwest directions predominating, were 
the under-lying structures upon which the complicated crevasse sys- 
tems were superimposed. None of the anticlines exceeded 6 to 10 feet 
in height, and, though there was little regularity about their space 
relationships, they were more closely compressed along the northern 
margins of the disturbed area. The folded aspect of this whole region 
is of such slight prominence that it is not at all apparent in the aerial 
views. 

When we were camped 70 miles from the Queen Maud Mountains 
on our way back toward Little America we were amazed at the barrage 
of muffled reports which appeared to come from below and around us. 
This was the more surprising for we knew of no crevasses within 50 
miles in any direction, and the surface all about us was smooth. This 
deep-seated zone of deformation is apparently narrow for we had not 
sensed it on our way south. However, Amundsen ™! recorded a similar 


11R. Amundsen: The South Pole, John Murray, London, vol. 2 (1912) p. 32. 
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experience at about the same distance from the mountains and only a 
short distance to the east of our location. The complete absence of any 
surficial indications of movement, such as slight undulations or cre- 
vasses, suggests that the deformation which gave rise to the reports is 
not due to the presence of some fixed obstruction, such as reefs or 
islands. It may, instead, be a deep-seated tensional or shearing move- 
ment due to the differential velocities of the ice of the piedmont zone 
in contrast to that of the larger and perhaps more stagnant mass to 
the north. Perhaps this region roughly marks the northern boundaries 
of the rigid glacial ice, though this seems unlikely. 


RATE OF MOVEMENT 


Previous work.—In only one place have exact measurements been 
made of the rate of motion of any portion of the shelf ice. Successive 
measurements of the position of a depot left by Captain Scott in 1903 
and relocated by Shackleton six and a half years later gave a value of 
492 yards per year or 4 feet per day. This movement was measured 
by reference to a fixed point on the land. 

Wright and Priestly ** believe the mean rate to be not less than 3 
feet per day. For the portion between the Bay of Whales and Ross 
Island I believe this figure will be found to be far too low. The rate 
given above was determined near land, which should have the effect 
of considerably slowing down the rate. Debenham? recognized this 
fact and pointed out that the changes in the front, between the survey 
by Scott in 1902 and his later one in 1911, indicated a northward rate 
of no less than 12 feet per day. It will not be surprising if other ac- 
curate surveys west of Discovery Inlet reveal even higher rates. 

Because of its persistence the Bay of Whales has frequently been 
cited as an indication of little movement. This is a misleading notion. 
Amundsen was mistaken in believing that there was no motion about 
the Bay of Whales. Though we do not have satisfactory checks on the 
actual rate anywhere in this vicinity there are, nevertheless, indica- 
tions of a great deal of movement. In the first place, the persistence 
of the Barrier as a fresh fracture cliff is sufficient evidence to anyone 
who has wintered on the Shelf Ice that it is a transient feature. Such 
fresh clean faces are short lived; they indicate places where portions 
of shelf ice have recently broken off. Such clean cut, new fracture 
surfaces are common along the Barrier from Discovery Inlet to the 
Bay of Whales. The erosive action of waves and currents proceeds 


2C. S. Wright and R. E. Priestly: op. cit., p. 210. 
148 Frank Debenham: Discussion of the Ross Barrier by C. S. Wright, Geog. Jour., vol. 65 (1925) 
p. 216. : 
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rapidly on exposed faces of the Barrier to produce coves, caves, and 
associated features. Even where Barrier cliffs are protected by an ice- 
foot the sharp profile is not long lived. When we entered the Bay of 
Whales in 1928 much of the eastern boundary possessed steep vertical 
cliffs. The formation of drifts, rounded cliffs, and cornices changed 
this aspect almost completely within one winter. 

The preservation of a continuously clean face with no appreciable 
change in latitude, which has been the recent history of the Barrier 
about the Bay of Whales region (PI. 116, fig. 3) is, therefore, evidence 
of forward or northward movement. Bergs have broken off to form 
clean fracture faces, and there has been sufficient forward movement 
to replace the quantities thus lost. 

It should not be inferred from the above statement that the north- 
ward rate of movement in the immediate vicinity of the Bay of Whales 
is necessarily as great as farther west. A survey of the evidence con- 
cerning the directions of movement will indicate why such is not the 
case. Furthermore, a comparison of the original survey by Ross in 
1841 and that of Scott in 1911 indicates a much greater retreat of the 
Barrier off the Bay of Whales than anywhere else. Since there is evi- 
dence of continuing forward movement here, in spite of this great re- 
cession of the front, it is reasonable to infer that the rate of northward 
movement farther west must be more rapid to off-set the destroying 
agencies of wind, waves, and currents, for there is no reason to suppose 
that such agencies have been more effective off the Bay of Whales than 
farther west. 


The Bay of Whales.—The persistence of the Bay of Whales is not 
due primarily to a lack of movement but to the presence of Prestrud 
Island, as already pointed out. The outstanding revelation of Figure 
2, which is a super-position of the maps of Scott of 1902, Shackleton 
of 1908, Amundsen of 1911, and the Byrd Expedition of 1929, is the 
notable decrease in the width of the Bay in the eighteen years between 
the last two surveys. The nature of this and other changes which have 
occurred will be made more clear by a comparison of Figure 2 with 
Plates 117 and 116, figure 1, which are aerial views taken from opposite 
sides of the Bay. Plate 116 illustrates particularly well the western 
margins of the Bay, where the most pronounced changes have occurred. 
The dotted line indicated by “A” is a rough approximation of Amund- 
sen’s boundary, and “B” is the recent boundary determined by Coman 
and Blackburn, as indicated in Figure 2. The portion designated by 
“X” is considerably lower than the obviously older area to the west 
or the region north of it indicated by “W.” Area “X” appears to be 
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a younger part of shelf ice, formed by the accumulation of snow upon 
a sea ice base. Ver sur Mer Bay, an indentation on the western 
side of Bay of Whales beyond the head of which Little America was 
built, has had a similar history, and we discovered that its relatively 
lower altitude below windswept levels caused the accumulation of dis- 
proportionately large amounts of snow. The same kind of conditions 
have allowed a fairly rapid rate of growth for the segment “X.” This 
explanation will scarcely hold for the much higher portion “W,” which 
attains an altitude of 150 feet in places. That a thickness of 750 feet 
of shelf ice should have accumulated within a period of eighteen years 
in such an exposed position is incredible. This part at least must be 
the result of movement from the west and south. It will be noted 
that the boundary between the low area “X” and the high area “W” 
is irregular. It appears to have been the sheared edge of a former 
boundary, and higher disconnected masses doubtless represent blocks 
produced by intense shearing movements, such as illustrated in Plates 
114 and 115. This is consistent with present conditions about the Bay 
of Whales. There is now an intense shear zone in the northwest arm of 
the Bay, as indicated on Plate 116, figure 1. Great movement is 
evidenced by fresh and profound deformation. The frayed, irregular, 
but now essentially rigid boundary between “X” and “W” doubtless 
originated here. The forward surge of ice from the south pushed the 
fragmented edge outward, where it has been healed by the growth of new 
areas of ice within and about it. 

An examinaton of Plate 117, figure 1, and Plate 118, figure 1 will 
demonstrate the operation of continuing movement tending to close 
the Bay. The orientation of the folds indicates that the immediate 
controlling forces are from a general westerly or perhaps (but less 
probable) easterly direction. When one vizualizes the relationship of 
the Bay of Whales to Prestrud Island it becomes apparent that when 
the northward-moving masses of ice have cleared this great obstruction 
there will be components of this motion, directed normal or nearly 
normal to the general direction of movement; in other words, forces 
operating in westerly or easterly directions, to produce the exact kind 
of deformation illustrated in Plate 117, figure 1 and Plate 118, figure 1. 
Study of the changes in the outlines or boundaries of the Bay, as 
demonstrated in Figure 2, shows this movement to be freest and there- 
fore most rapid in the outer, or northern, parts of the Bay. Here, there 
has been a narrowing of from 5 to 15 miles within 18 to 19 years. If 
we take the mean of these two distances for this length of time it still 
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Figure 1, OBLIQUE VIEW OF Bay OF WHALES FROM East SIDE 
Looking Southwest 


Aerial Photographs by A. C. McKinley 


Ficure 3. THe BARRIER NEAR THE Bay OF WHALES 


TYPICAL FEATURES OF ROSS SHELF ICE ABOUT THE BAY OF WHALES 
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FicureE 1. OBLIQUE vi—EW oF Matin Branca oF Bay OF WHALES 
From west side looking southeast 


Aerial Photographs by A. C. McKinley 


Ficgure 2. CREVASSED REGION BETWEEN LaTITUDES 81 AND 82 DEGREES SOUTH 
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reveals a rate of more than 5 feet per day. Taking into account all 
the possible uncertainties and inaccuracies in the above reasoning this 
still seems to be a conservative estimate. 


DIRECTION OF MOVEMENT 


Considering its position at the head of Ross-‘Sea, one might expect 
some sort of regularity or sub-uniformity in the forward movement or 
direction of the Ross Shelf Ice. This does not appear to be the case. 
The great variations in the volume of ice added to the Shelf Ice from 
its tributary glaciers and the eccentricities in the directions with which 
the glacier tongues are thrust into it produce considerable complexity 
in the pattern and direction of movement. Certainly the flattening or 
thinning effect produced by gravity, where there are irregularities in 
height or thickness, does not tend toward simplification of the problem. 

There appear to be many more obstacles, such as islands and reefs, 
under the eastern and northeastern part of the Ross Shelf Ice, to in- 
hibit free outward movement, than in any other quarter. Not only are 
crevassed areas indications of such obstructions, but the presence of 
such extensive “archipelagoes” as the Rockefeller and Alexandra Moun- 
tains and other more or less isolated “islands” in the northeast quarter 
present almost insurmountable hindrances to movement over consider- 
able areas. From his observations on the first expedition, Byrd ** be- 
lieved the eastern boundary of the Shelf Ice to lie well to the west of 
the Rockefeller Mountains. This does not agree with my own field 
observations in these mountains, which I believe to be surrounded by 
shelf ice whose disappearance would reveal them as a group of islands ** 
scattered in a shallow portion of the Ross Sea. As previously pointed 
out in this paper, the Edsel Ford Mountains appear to mark the eastern 
structural boundary of the Ross Sea. Though the shelf ice in the gen- 
eral region about the foot of these mountains and as far west as the 
Rockefeller Mountains manifests different phenomena than the rest 
of the shelf ice, it is, nevertheless, more proper to consider it a part 
of this great mass than of the inland ice of the plateaus. The numer- 
ous islands with areas of deformed ice about them and the extensive 
systems of crevasses not associated with exposed land masses point 
to the conclusion that the ice is here largely aground and as a whole 
may be properly regarded as a true piedmont glacier. 

The known facts, as indicated in Plate 111, demonstrate that there 
is a concentration of the forward or outward motion toward the freer 


4R. E. Byrd: The Flight to Marie Byrd Land, Geog. Rev., vol. 23, no. 2 (1933) map. 
15 L, M. Gould: Some geographic results of the Byrd Antarctic Expedition, Geog. Rev., vol. 21 
(1931) p. 180. 
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moving, less obstructed mid-western portion of the Shelf Ice. The 
heavy arrows indicate the direction of the thrusts from the main outlet 
glaciers. The profound influence exerted by ice from the vicinity of 
Leverett Glacier is not exaggerated, as will appear from an examina- 
tion of Plate 113, which was taken from a distance of about 40 miles 
from the mouth of Liv Glacier, approximately over point M on Plate 111. 
So great is the thrust of the westward-moving ice that it largely de- 
flects the normal or northward direction of Liv Glacier as it is thrust 
into the shelf ice. The ice tongues from Thorne, Amundsen, Axel 
Heiberg, and other glaciers which we observed are all sharply deflected 
in the same manner. 

From preliminary reports of the second Byrd Expedition it appears 
that Marie Byrd Land Plateau is some 4000 feet lower than the South 
Polar Plateau, though the two probably belong to the same structural 
unit. One might, therefore, suppose that the ice flowing westward 
from this area, having flatter gradients than that derived from the 
Polar Plateau, would be much more sluggish. This is apparently not 
true, for this factor is more than off-set by the absence of a great 
horst boundary serving as a dam to the outward movement of ice from 
the plateau. There appears to be no structure equivalent to the Queen 
Maud Mountains horst, and the ice of Marie Byrd Land, in conse- 
quence, pours down into the Shelf Ice as a great sheet. Leverett 
Glacier shares this effect, for its northward margin is imperfectly de- 
limited by low nunataks. Another factor which may be of consider- 
able importance in accounting for the differences in the volume of ice 
added to the southeastern quarter of the Shelf Ice, as compared to the 
south and west sides, is the relative size of the catchment areas which 
are drained into the head of Ross Senkungsfeld. For reasons which 
will be pointed out in detail later, relatively little ice from the Polar 
Plateau behind the South Victoria-Queen Maud Mountains horst 
seems to find its way into the Ross Shelf Ice. On the other hand, the 
major outlet for thousands of square miles of ice from Marie Byrd 
Land may be the low plateau edge between the Queen Maud and the 
Edsel Ford Mountains. 

One should not infer from the above statements that the ice along 
the foot of the Queen Maud Mountains is a heavily crevassed, rapidly 
moving mass of ice. The above statements are concerned with rela- 
tive movement; the area is far from being one of intense activity but, 
rather, is one on the verge of stagnation. Dead, inactive, ice-filled 
crevasses were the characteristic features of most of the piedmont zone. 
Even in our travels across the mouth of Leverett Glacier we were im- 
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pressed by the lack of freshly formed crevasses. Nowhere did we re- 
ceive the impression of movement comparable to that between latitudes 
81 and 82 degrees, indicated by the loud reports and the freshly formed 
crevasses. With one or two exceptions there was never a sound of 
snapping and cracking of ice under tension, as was the case in the 


area noted above. 


CONSTITUTION AND ORIGIN OF ROSS SHELF ICE 
COMPOSITION AND STRUCTURE 


Most of the British investigators, from Scott on down, who have 
given a more detailed account of the geology and glaciology of the re- 
gions bounding the west side of Ross Senkungsfeld than is yet avail- 
able from other sectors of Antarctica, agree, in the main, that Ross 
Shelf Ice is composed in large part of glacial ice. These ideas are 
based primarily upon observations made along the western margins, 
where the shelf ice receives so many contributions from glaciers of 
South Victoria Land, and where naturally there should be abundant 
evidence of the role played by glacial ice in the formation and com- 
position of Ross Shelf Ice. 

On the other hand, my own observations were made in places farthest 
removed from the effects of glacial tongues, except for the piedmont 
zone at the foot of Queen Maud Mountains. Having failed to find 
glacial ice in any of these regions, except, of course, near the foot of 
Queen Maud Mountains, where we crossed great areas of white bubbly 
ice, my own conclusion is that a major part of the whole mass of Ross 
Shelf Ice is neve and snow. To be sure, such conclusions are based 
upon observations made above sea level and are largely qualitative. 
However, we had one exceptional opportunity for studying characteris- 
tics of the shelf ice, when a large tabular berg drifted into the Bay of 
Whales and conveniently turned partially over, exposing a beautiful 
cross-section, much of which had been below sea level (Pl. 118, fig. 2). 
We searched in vain for any glacial ice. 

The demarcation between neve and white bubbly glacial ice is clear 
cut and easily recognizable, but it is not possible to draw any such 
sharp line between neve and snow. Generally, one would expect the 
compaction of snow into neve to be a function of depth. Yet in places 
at depths of only a few feet, and even on the surface, the shelf ice was 
composed of true neve. In other places we observed high clean-cut 
cliffs of unstratified granular snow which had apparently been little 
altered since its deposition. In still other places exposed cliffs ex- 
hibited cross-sections of interstratified neve and snow. We who studied 
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such phenomena about the Bay of Whales were agreed that on the 
whole the term, neve, was generally applicable to the major part of 
such exposures as we observed. 

We were surprised to find the shelf ice so imperfectly stratified. 
Indeed, to describe the parts with which we became familiar as a mass 
of stratified snow and ice or snow and neve would be misleading. Such 
stratification as we found was generally weak, both in appearance and 
in the effects it had upon the tendency of the shelf ice to break with 
prominent vertical fracture. The manner in which loess stands in 
vertical cliffs in the upper Mississippi and Missouri River valleys pre- 
sents the best analogy I know of to the structural appearance of th 
Shelf Ice. : 

ORIGIN OF THE SHELF ICE 

Previous theories.—Of the various theories that have been proposed 
to account for the formation of areas of shelf ice only two need be 
considered here. The leading one, which was first given clear ex- 
pression by David and Priestly, supposes the Ross Shelf Ice to be 
essentially a floating piedmont with radial thickenings composed of 
the prolongations of glacial tongues from the marginal lands, like “ribs 
of a fan.” 

The second, which Nordenskiold proposed to account for such oc- 
currences in the Antarctic Archipelago (Graham Land Region), simply 
assumes that the accumulation of snow upon a basement of sea ice ex- 
ceeds the amount of melting from beneath. 

It is not clear to what extent Priestly believes the second process 
to be applicable to the Ross Shelf Ice, as set forth in his later work with 
Wright.” One infers from their summary of the factors involved in 
its formation that accumulation upon a sea-ice base played an im- 
portant role, whereas on another page is the statement that “the area 
of Shelf Ice occurring in the Ross Sea region which can definitely be 
assigned to this cause is negligible.” 

The prolongation of most Antarctic tidewater glaciers into the sea 
as floating ice tongues is of fundamental importance in explaining Ross 
Shelf Ice. That it began, in part at least, in this fashion can hardly be 
questioned, but that such ice tongues persist as actual stiffening ribs 
throughout the major portion of the present shelf ice is quite another 
matter. 

The great glacier tongues opposite regions of folds developed in the 
Shelf Ice indicate that a large measure of their energy is expended in 


%6T, E. David and R. E. Priestly: Glaciology, physiography, stratigraphy and tectonic geology 
of South Victoria Land, British Ant. Exped. 1907-1909, Geol., vol. 1 (1914) p. 138. 
7C. S. Wright: op. cit., p. 167, 220. 
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Aerial Photograph by A. C. McKinley 


FicurE 1, FOLDING AND FAULTING IN THE BAy OF WHALES 


Figure 2. TILTED BERG IN THE Bay OF WHALES 


FORMATIONS IN THE BAY OF WHALES 


be 
> 


| 
| 
: 


CONSTITUTION AND ORIGIN OF ROSS SHELF ICE 1385 


overcoming the inertia of the shelf ice mass. This resistance tends to 
off-set the development of relatively narrow rigid tongues, such as are 
formed when large glaciers are projectéfi into the open sea. We found 
no example of a glacier tongue moving fast enough or possessed of 
sufficient strength to shear its way bodily through or well into the shelf 
ice. 

The absence of any piling up of the ice to develop topographic pied- 
monts close to the foot of the mountains indicates that here, as well as 
farther out in the Shelf Ice, the whole mass is floating upon the fric- 
tionless surface of the sea. It is apparent that any tendency toward 
such piling up would be quickly off-set by (first) a rapid rise in the 
rate of melting induced by downward bulges and (second) by lateral 
flow which would likewise inevitably increase at a rapid rate with even 
slight increases in thickness. The net result should be to cause the 
development of short, rapidly-spreading and thinning ribs from the 
entering glaciers, all of which would coalesce fairly quickly to form 
relatively thin floating-piedmonts, rather than to form long skeletal 
ribs of glacial ice projected well into the body of the Shelf Ice. 

The above discussion resolves itself into the question of the extent 
to which ice from and through the marginal mountains is contributed 
. to Ross Shelf Ice to become more or less permanent parts of it. This, 
in turn, is dependent upon two sets of factors; first, the number and 
size of the glacial tongues, together with their rates of movement, and, 
second, the rate at which the shelf ice is depleted by ablation from 
above and by melting from beneath. 

So far as the actual rate of movement of the great glaciers that affect 
Ross Shelf Ice is concerned, next to nothing is known. We crossed the 
mouths of seven great outlet glaciers as well as of many mountain 
glaciers which derive their nourishment solely from the Queen Maud 
Mountains. The first impression of great but very sluggish masses 
of ice was affirmed and reaffirmed the farther afield we traveled. It 
seems highly improbable that the rate of Thorne, Amundsen, or simi- 
lar glaciers exceeds or even equals 3 to 4 feet per day even in summer. 
I found myself making mental comparisons between conditions here 
and analogous ones which I had observed in the summer of 1926 along 
a small segment of the western margin of the Greenland Ice Sheet.** 
Though it is apparent to the most casual observer that the activity of 
the Greenland ice to-day is not comparable with that of the recent 
past, its visible evidences of motion came to mind in Antarctica with 
special emphasis, for the contrast between the two regions seemed 


18 W. H. Hobbs: The North Pole of the Winds, G. P. Putnam’s Sons, N. Y. (1930) p. 60-86. 
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sharp, indeed. The Greenland ice was the height of activity com- 
pared with this portion of Antarctica, where it is very easy to enter- 
tain the concept of stagnation for major portions of even its extensive 
ice sheets. 


Wastage and precipitation—Observations on our sledge journey 
demonstrated unexpected and almost unbelievable differences in the 
rate of ablation along the piedmont area as compared with the middle 
portion of the Shelf Ice. Not only were there great areas of white 
bubbly ice exposed below the glacier outlets, but evidences of excessive 
melting were common, such as pools and even ponds of water. We 
were surprised to find that only a short distance up from the mouths 
of all the glaciers we explored, the evidences of such wastage were 
lacking. Only at ice falls and in crevasses could we see glacial ice; 
elsewhere there was a heavy mantle of snow. The high rates of evap- 
oration and melting in the lower parts of the glaciers and along the 
foot of the mountains are due to the strong foehn winds that sweep 
down through the great glacial troughs. 

We established our base camp in the Queen Maud Mountains on a 
low shelf midway between Liv and Axel Heiberg glaciers, where we 
anticipated there would be little effect from the foehn winds. We 
built a covering of huge snow blocks about our cache of supplies when 
we departed on our journey eastward along the foot of the mountains. 
When we returned 13 days later we were amazed to note the change 
that had taken place in our snow built depot. It seemed to have shrunk 
to half its original size. The great blocks of snow which we had 
carefully placed around our supplies were honeycombed, and icicles 
several inches in length were hanging from many of them. 

On our return northward we found that snow beacons and depots 
which we had built 40 and 60 miles from the mountains on our south- 
ward journey showed similar effects of pronounced shrinkage due to 
both actual melting and evaporation. But as we advanced farther 
northward we found that the snow blocks of other depots, which had, of 
course, stood even longer than those nearer the mountains, were quite 
fresh and unweathered. There had been no melting and no appreci- 
able evaporation. 

Data concerning the actual amount of precipitation on the Shelf Ice 
are difficult to obtain. No very reliable statistics of this sort have yet 
been gathered, for it is next to impossible by the use of ordinary means 
to determine the real amount of a snowfall; there is no way of knowing 
how much is new or fresh snow and how much has been picked up else- 
where by the wind. Precipitation and removal by both wind and 


2 
ie 


CONSTITUTION AND ORIGIN OF ROSS SHELF ICE 1387 


evaporation have been observed to operate simultaneously. The alge- 
braic sum of precipitation and removal at Little America was esti- 
mated by Harrison and Haines to be a positive addition of snowfall 
equivalent to 8 inches of water for a one-year period. 

A depot had been laid 44 miles south of Little America in March, 
1929. We stopped at this station in November of the same year and 
again for the last time on January 16, 1930. On the latter occasion 
we estimated that there had been an accumulation of approximately 
3 feet of snow about the tent. A conservative guess as to the amount 
of snowfall on the level seemed to be 1.5 feet of fairly well-packed 
snow with an estimated specific gravity of 0.4. In other words, the 
total fall of snow was equivalent to 6 inches of water. This represents 
the net increase over a period of ten and a half months. 

The rediscovery of Scott’s Depot A by Joyce of the Shackleton Ex- 
pedition, six and a half years after its establishment, revealed an aver- 
age annual increment of snowfall equivalent to 7.5 inches of water. 

That wastage exceeded precipitation over most of the piedmont zone 
of the Queen Maud Mountains during the month of December, 1929, 
I have no doubt. But this would be the ideal month for the wide- 
spread operation of denudational processes, and one may not, there- 
fore, conclude that a twelve-month period of observation would reveal 
similar relationships. As a matter of fact, though it was a local 
phenomenon, when we were camped at the foot of Axel Heiberg Glacier, 
we experienced the most unusual snowfall that was observed on the 
whole expedition. In the midst of utterly calm conditions, when the 
temperature rose at times to the melting point, there were intermittent 
falls of snow over a period of 3 days, which accumulated to a depth of 
18 inches. I estimated this to be equivalent to about 2.5 inches of 
water, for the snow was not the common granual or spicular variety 
but was large, loosely packed, fluffy flakes. 

There is difference of opinion about the conditions at the lower sur- 
face of the Shelf Ice. That growth by the formation of sea ice can take 
place under the extreme conditions of winter is to be expected, and 
Debenham '® has found good evidence that it has occurred in im- 
portant amounts, at least locally. However, in the light of the above 
evidences of positive additions to the upper surface, it is incredible 
that regular progressive additions take place from below, unless one 
assumes an outward rate of movement inconsistent with observed 


19 F, Debenham: A new mode of transportation by ice: The raised marine muds of South Viec- 
toria Land (Antarctica), Geol. Soc. London, Quart. Jour., vol. 75, pt. 2 (1919) p. 61-73. 
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facts. Throughout the course of the year the net result of freezing and 
melting must result in depletion of the lower surface. 

David and Priestly *° point out that a considerable warming of the 
sea in the summer months is evidenced by the melting of sea ice from 
below. Such extensive areas of enclosed open water as those discov- 
ered by Admiral Byrd” on a flight over King Edward VII and parts 
of Marie Byrd lands, can hardly be explained except by the upward 
deflection of warm currents of considerable volume and duration. 

The fact that the crevassed region between latitudes 81 and 82 de- 
grees is notably lower than the shelf ice either to the north or to the 
south argues for depletion from below. The low islands or reefs which 
cause the oncoming ice to become so deeply crevassed may serve to de- 
flect warm currents upward from sufficient depth to cause excessive 
melting. 

Considering this whole matter, and after making rough calculations 
as to the quantity of glacial ice poured into Ross Shelf Ice, Wright *? 
and Priestly conclude that even though the figures arrived at possess 
little claim to accuracy “they at least indicate that some melting must 
proceed from below and that the amount of this is at least comparable 
with additions to the upper surface, and of the same order as the prob- 
able additions to the Barrier due to the advance of glaciers leading 
from the plateau.” 


Formation on a piedmont base.—In attempting estimates of the ac- 
tual distance to which the ice tongues of the marginal lands are proj- 
ected into Ross Sea to form portions of Ross Shelf Ice, there is dan- 
ger of reasoning too much by analogy from the behavior of similar 
phenomena elsewhere about the continent, even though optimum con- 
ditions for protection from the devastation of waves and tides obtain 
here. The volume of ice added to the southern and southwestern parts 
of the Shelf Ice is less than one would expect from their size. They 
appear to be more sluggish than similar masses elsewhere about the 
continent for they drain relatively small areas of the great inland ice 
mass, even smaller than do those of the more northerly parts of South 
Victoria Land. Observations made beyond the South Victoria-Queen 
Maud Mountains horst indicate that the ice divide does not lie far 
inland (Pl. 111). This indicates that only a minor portion of the out- 
ward flow of ice from the Antarctic Plateau is directed toward the 


2% T. E. David and R. E. Priestly: op. cit., p. 139. 
21 R. E. Byrd: op. cit., p. 192-193. 
2C. 8. Wright: op. cit., p. 218. 
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head of Ross Sea. Most of it moves toward the borders of the con- 
tinent in all other directions but this. 

It does not follow, therefore, that such great glaciers as even Beard- 
more and Thorne possess tongues comparable with the ribs of Shackle- 
ton Shelf Ice, for instance. On the contrary, the evidence indicates 
that they are apt to be much less pronounced. But even if one supposes 
that the ice tongues from glaciers about the head of Ross Sea are 
projected into the shelf ice distances comparable with Shackleton Shelf 
Ice tongues, there still remains a large north central section of the shelf 
ice unaccounted for on this basis. Plate 111 is shaded only to sug- 
gest what these proportions may be. 


Formation on a sea ice base.—Sizeable areas are actually being added 
to Ross Shelf Ice by the simple process of the accumulation of snow 
upon areas of fast ice—that is, areas of immovable ice which are 
usually attached or “fast” to the shore. This was observed about the 
Bay of Whales. Such an area is illustrated by section “X” of Plate 
116. It must not be supposed that the ice raft necessary for the forma- 
tion of such areas of shelf ice as this would be permanent or per- 
sistent. Such original or basement ice is probably short lived, for it 
would tend to be dissolved by melting in the sea water under the 
depressing load of snow. For the piedmont zone, there is no way of 
estimating the relative importance of lateral flow and melting from 
beneath, but that their additive effect should obviate any piling up 
of entering masses of glacial ice, and should likewise so completely 
obscure any radial thickenings of entering ice tongues, suggests that 
melting is not unimportant at the very foot of the Queen Maud Moun- 
tains. 

It seems highly improbable, therefore, that ice, formed at the foot 
of these mountains, should find its way for 400 to 500 miles to the Bar- 
rier margin before it had melted away in the sea water below. The 
cumulative depressing effect of its ever increasing surface load and 
the accelerated rate at which melting is sure to take place in the 
vicinity of the free floating edge would prohibit it, unless one assumes 
forward rates of movement much greater than any inferred in this 
paper. 

_ Granted, then, a more or less uniform effective circulation of sea 
water beneath the shelf ice, it seems that not only does the ice raft, 
which has long served for the accumulation of snow, dissolve away 
below to leave its shelf ice a mass of saturated neve and snow, but 
that, likewise, the outward moving piedmont with its glacial tongues 
will become rapidly attenuated and finally melt away, leaving its bur- 
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den of neve and snow to soak up sea water in the same way. This 
means that whatever the formative processes, the original material has 
been dissipated from a considerable portion of the present Shelf Ice, 
which is, therefore, a second generation product. 

The evaluation of the relative importance of these two formative 
agencies, glacial ice and sea ice base, in the infancy and earlier stages 
of the Ross Shelf Ice must remain pure speculation. Even if no im- 
portant areas of new shelf ice were actually being formed upon a sea 
ice base, it would hardly be sound logic to suppose that such a process 
of formation had never occurred. That areas of fast ice could be 
formed along parts of the Shelf Ice which have been longest under 
observation is wholly incompatible with the conditions that obtain 
there. The present forward-moving, continuously-breaking Barrier 
margin, at least from the Bay of Whales westward, would prohibit 
any such formation. On the other hand, it has been pointed out that 
areas of shelf ice have been formed upon a sea ice base within the pro- 
tection of the Bay of Whales. But a much grander example is ex- 
hibited off the coast of King Edward VII Land in Sulzberger Bay and 
along the inner margins of Biscoe Bay. An examination of the map 
made by Saunders from photographs taken on Byrd’s flight ?* across 
this region will make these relationships clear. The areas on the map 
labelled thin shelf ice are obviously accumulations upon a sea ice base 
(Pl. 115, fig. 1). This widespread formation is made possible here be- 
cause of two reasons: first, the location is such that the devastating 
agencies which operate from the seaward direction are much less effec- 
tive than farther west; second, the abundance of islands of which King 
Edward VII Land is probably fundamentally composed means a slow- 
ing up of the outward-moving ice which would otherwise push the new 
shelf ice areas into zones where they would be destroyed by waves 
and currents. The growth of these areas of thin shelf ice means a 
much less pronounced free movement of the older shelf ice boundary 
on the south, if not actual stagnation. Should the Barrier between the 
Bay of Whales and Ross Island become stagnant during a period of 
abnormal calm and cold, such areas of fast ice as would become a base- 
ment for similar new areas of shelf ice might easily form along its foot. 
To be sure, the protection afforded by the numerous landmasses in 
the entire northeastern quarter of the Ross Shelf Ice would be an ideal 
setting for the formation of extensive areas of fast ice. 

Since it is apparent from the above discussion that areas of shelf ice 
are today in active process of formation by both of the contrasted 


23R. E. Byrd: op. cit., map. 
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methods which have been put forth, it seems an inevitable conclusion 
that both must figure in any discussion of the Ross Shelf in any stage 
of its development whatsoever. It seems highly plausible that in its 
youthful stage the Ross Shelf Ice began, to an important extent, as a 
floating piedmont, compounded from many glacial tongues of diverse 
origins and directions. With the culmination of glaciation, when even 
portions of the Queen Maud Mountains were submerged beneath the 
northward-moving ice sheet, the supply of glacial ice must have been 
immeasurably greater than now, and the piedmont correspondingly 
greater. 

Perhaps some would point out that the very climatic conditions 
which would produce such opulent supplies of glacial ice for the pied- 
mont would likewise operate to cause the formation of increasingly 
large areas of fast ice as a base for shelf ice formation. However, I 
do not believe this is a necessary corollary. The climatic condition 
causing the present decline of Antarctic glacial activity is a dearth 
of precipitation, not a rise in temperature. This is demonstrated by 
the fact that sub-Antarctic islands, such as Snow Hill Island, with 
warmer climates but with greater snowfall than the Polar Plateau 
have thick, even expanding, ice caps. A rise in Antarctic temperatures 
would be accompanied by a rise in the rate of evaporation and, there- 
fore, an increase in the amount of precipitation. Thus, the inland ice 
would thicken and expand again. In other words, the present waning 
condition of the inland ice is due to the excessively low temperatures, 
which inhibit sufficient snowfall for the ice even to maintain itself. 
On the other hand, it is evident that low temperature is of fundamental 
importance in promoting the formation of areas of fast ice; the lower 
the temperatures the thicker will be the raft for the formation of shelf 
ice. 

Such suggestions as the above lead to a concept of the history of Ross 
Shelf Ice in which the two major formative processes have alternated 
in importance. 


Ross Shelf Ice and the Glacial Cycle—Modern meteorological re- 
search has led to a concept of Pleistocene conditions with which the 
above idea is easily reconciled. It is that variations in the output of 
solar energy can be correlated with the phenomena of glacial and inter- 
glacial periods. An increase in the insolation would result, not so 
much in an immediate rise in temperature, as in a quick rise in the 
rate of evaporation. Greatly increased precipitation, which in the 
polar regions would take the form of snow, would follow. The forma- 
tion and growth of glaciers would follow. 
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A continued increase in the output of solar energy would eventually 
bring glaciation to a standstill and then cause the ice to disappear, 
following which would be a warm wet interglacial period. With a 
reversal of these conditions—namely, a progressive decrease in the 
amount of insolation—glaciers would again form and continue to grow 
until the temperature dropped below a certain critical low. Beyond 
this, dissipation of the ice would exceed precipitation, and then would 
follow a long cold interglacial period, to be brought to an end when 
the solar energy cycle again reversed. 

Shelf Ice areas during the warm wet interglacial period of a glacial 
culmination would be opulently supplied with glacial ice, but the warm 
climatic conditions would be far from ideal for the formation of ex- 
tensive areas of fast ice. On the other hand, during the cold inter- 
glacial period, with decline in the supply of glacial ice, the temperature 
at the surface of the sea would be nearer to the optimum for the forma- 
tion of extensive masses of fast ice as a basis for shelf ice formation. 

However idle such speculations may be it seems to me that in its 
present waning condition the major part of Ross Shelf Ice is not stiff- 
ened by ribs of glacial ice. These are marginal features only. The 
present Shelf Ice is the offspring of parents which have disappeared. 
By the very nature of the case only one of these is still conspicuously 
represented, and that is the glacial ice. The continued activity of the 
ice tongue process of formation, added to other causes of motion already 
set forth, has long since obliterated the pattern of the formative 
agencies. The role originally played by the sea ice base has been com- 
pletely obscured; that played by glacial tongues has been magnified. 
Both processes have surely been operative and may have alternated 
in importance in the complex history of the Ross Shelf Ice. I can 
conceive of no method of investigation that would yield quantitative 
results as to which was the more important in its youthful stages. 


SUMMARY 


Most of the seaward margin, or Barrier, and the western boundary 
of the Ross Shelf Ice have been ably studied and delimited by earlier 
expeditions, chiefly those led by Scott and Shackleton. Our observa- 
tions have materially added to the known extent of the Shelf Ice in that 
they demonstrate that it extends more than 100 miles farther east than 
was previously known. They likewise involved the construction of a 
topographic map of the Queen Maud Mountains, which form the major 
part of the southern boundary. 
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The extraordinary levelness of the mass as a whole, postulated by 
the earlier investigators, is confirmed by our observations and found 
to be a dominant characteristic. However, instead of the average 
elevation being 150 feet, as estimated by Wright and Priestly, our ob- 
servations indicate 290 to be the figure. Since these two estimates are 
drawn from observations made along widely separated traverses across 
the Shelf Ice, the mean of the two, 220 feet, may be taken as the best 
value available. 

A greater volume of inland ice added to the eastern part of the Shelf 
Ice, together with an apparent shallowing of the Ross Sea on this side, 
make the eastern margin the least clearly definable of all the boundaries 
of the Ross Shelf Ice. The line of demarcation between inland ice and 
shelf ice cannot be sharply drawn on the basis of composition, and it 
is suggested that the eastern structural boundary of the Ross Senkungs- 
feld be accepted as the boundary of the Ross Shelf Ice proper. 

The movement of the shelf ice is found to be more complex and more 
rapid than has generally been recognized. 

Finally, the present Ross Shelf Ice is the product of two sets of causes 
which have rarely, if ever, operated separately. Ice tongues from the 
inland ice, expanding and coalescing to form piedmonts, have func- 
tioned with areas of fast ice to form rafts, or basements, upon which 
snow has accumulated to become compacted into neve. Melting from 
below has obliterated the original, or youthful, pattern of the Ross 
Shelf Ice. 
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INTRODUCTION 
PURPOSE 


For over fifty years, the writer’s chief avocation has been the study 
of the evolution, history, and significance of man. Modern estimates 
of the antiquity of man depend on the determination of the age of 
deposits that contain human bones or artifacts. Thus, determination 
of the ages of the supposed oldest human remains—those of Trinil, 
Java, and the Piltdown man of England—involve estimates of the 
rate of valley-lowering at the points in question. The writer’s studies 
over many years have pointed toward two conclusions: first, the great 
antiquity of the earth, in general; second, and, with increasing con- 
viction, the recency of present physiographic features. The present 
studies deal with the rate of erosion and other factors affecting surface 
sculpturing, and, if sustained by subsequent studies, may materially 
affect estimates of the antiquity of man. 


PHYSIOGRAPHIC CHARACTER OF APPALACHIAN REGION 


The Appalachian region, consisting of mountains, plateaus, and 
valleys, extends for 2,000 miles from eastern Canada to Alabama, 
and, having a width of 250 to 300 miles, between the Coastal Plain 
and the Mississippi lowland, embraces a total area of about 500,000 
square miles. Except for relatively small areas of high, irregularly 
crested mountains, such as the Great Smoky and Black mountains, 
the whole region is characterized by level-crested mountains and pla- 
teaus or by mountains and hills of such accordant elevations for any 
locality that when seen from a high point the distant horizon is always 
a straight horizontal line, notwithstanding that the foreground may 
show valleys one or two thousand feet deep. This is true not only 
of the higher mountains and plateaus, but of broad lower areas, which 
commonly consist of broad hilltops forming a level, below which the 
present streams run in deep, narrow valleys. 

A second characteristic, related to the first, is the transverse drainage, 
in which rivers and smaller streams flow indiscriminately directly 
across valleys and mountains, cutting through the latter in deep water 
gaps, or flow in deeply entrenched meanders. Wind gaps reveal the 
position of many former water gaps. 

The third characteristic is the multiplicity of elevations (in any 
area) at each of which mountains and hills are level-crested or at 
which, even though they are not level-topped, the individual hills 
and mountains reach accordant heights. In a single county there may 
be a dozen levels or accordant surfaces at as many different elevations. 
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The above characteristics are made more striking by the existence, 
over limited areas, of higher mountains, such as the Great Smoky 
Mountains and Black Mountain, that rise abruptly above the common 
level of the tops of the other mountains and ridges. 

CURRENT EXPLANATIONS 

The most widely accepted explanation of these features is that 
following the folding of the rocks at the end of Paleozoic time, there 
ensued a long period of standstill during which all of the region, 
except the limited mountainous areas, was reduced practically to a 
plane or peneplane only a little above sea level; and that subsequent 
regional uplift set in, with many pauses, during each of which a new 
and lower peneplane was established in the softer rocks. With, or 
preceding, this uplift, which had its maximum in the axis of the Appa- 
lachian region, the drainage became established on the gentle south- 
eastward or northwestward slopes of the old peneplane; and although 
much of the drainage has since been diverted by stream capture, the 
present transverse drainage and transverse entrenched meanders date 
back to or before the initial uplift of the old peneplane. 

There has been general agreement among students of the area, that 
the uniform elevations of the ridge and mountain tops is most reason- 
ably explained on the basis of an old peneplane later uplifted and 
entrenched. There has been some difference of opinion as to whether 
the southeast-sloping surface was submerged and blanketed with post- 
Paleozoic deposits on which, when uplifted, the drainage was estab- 
lished in its southeast courses, or whether the peneplane had been 
so completely reduced that the southeast drainage took direct course 
to the ocean regardless of the difference in hardness of the folded 
rocks beneath. 

There has also been difference of opinion as to the number of pene- 
planes that existed, some contending that there were not more than 
two or three; others believing they could identify a dozen or more, 
which they have differentiated and named. This tendency to discover 
many peneplanes has back of it the assumption, held widely, that the 
present level crests of the ridges, mountains, and plateaus, as well as 
of the lower terraces, benches, or valley uplands have been only slightly 
lowered, if at all, since their formation and uplift. This view has 
been held by most physiographers whether they believed in vertical 
uplift and many peneplanes or irregular uplifts with variable warping 
of a few old peneplanes. There have also been different opinions as 
to the age of these peneplanes, many holding that the oldest now 
recognized is Cretaceous or older. 
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CONCLUSIONS 


In partial contrast with these views, the writer’s studies lead him 
to conclude: (1) that the present surface, though reflecting a single 
old peneplane, has been lowered by not less than 100 feet for the 
hardest rocks and by several hundred feet for the softer rocks, for 
each million years since the beginning of uplift; (2) that, except near 
the Atlantic coast and during recent time, all the level surfaces and 
imaginary surfaces touching the tops of accordant hills and moun- 
tains may be accounted for by: (a) local base-leveling or district 
base-leveling; or (b) the stripping of flat-lying or nearly flat-lying 
hard rocks; or (c) as the result of parallel lowering because of uni- 
formity of rock and structure; (3) that, as a rule, subsequent trenching 
has been the result of stream capture or the undercutting of a resistant 
layer in the barrier arch or syncline, or of other stream adjustments 
not associated with coastal movements; (4) that the detailed under- 
lying geology must be known and be taken into account if reliable 
conclusions about physiographic history are to be drawn; (5) that 
most physiographic features are much younger than most physiog- 
raphers have assumed. 

PENEPLANES 
A PENEPLANE 


As here used, “peneplane” refers to an extensive erosion surface 
reduced nearly or quite to a plane,’ of which the edge is or was at 
sea level or at a line only a little above sea level between erosive 
action on one side and deposition on the other. The uplift of such 
a plane revives the drainage which begins to etch its way downward 
into the plane. If the uplift has been by warping with the axis of 
movement at sea level, the streams flowing down the slope will lower 
their channels more or less uniformly from head to mouth, except 
as retarded by the hardness of the underlying rocks. If, however, the 
uplift is vertical, the old shore line becomes the inner edge of a 
raised beach, and the streams eat their way back by waterfalls or 
rapids, above which the old peneplane is preserved along with the 
old stream gradients. In time, as the streams continue to deepen 
their channels headward and the lower tributaries also deepen and 
widen their valleys, the remnants of the old peneplane becomes smaller 
and smaller until finally the last of it to disappear will be at the 
very head of the old drainage or on the interstream divides. Before 
the last remnant of the old plane disappears at the head of the valleys, 


1The writer follows recent practice of distinguishing a plane surface made by planing off 
from a plain whose even surface is owing to deposition by water, whether uplifted or not. 
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FIGURE 1—DPENEPLANE “TRACE” 
View characteristic of Appalachian upland, timbered topography over large parts. of 
the region. Photograph, Pennsylvania Department of Forests and Waters. 


PiGURE 2.--DIFPERENTIAL EROSION 
An Appalachian intermontane valley (Blain, Perry County, Pennsylvania). Valley 
lowland in Upper Silurian shales. Middle distance in Middle Silurian sandstones and 
shales, Distant mountain, a plunging anticline, in Lower Silurian quartzite. Taken 
from hill of basal Devonian limestone. 
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the hilltops in the lower part of the valleys may have been lowered 
many feet, possibly many hundred feet; though, if the rock under- 
lying those hills is the same throughout, the hilltops may still retain 
a large measure of accordance in elevation. Such a surface is des- 
ignated as a peneplane trace.2 A peneplane trace may, therefore, 
include a vestige of the original peneplane at the head of a valley 
and be several hundred feet below the original peneplane near the 
mouth of the valley. Exactly the same thing may be found, on a 
smaller scale, where there has been local base-leveling and then, from 
whatever cause, the drainage has been rejuvenated and begins to cut 
to a lower level. 
THE SCHOOLEY PENEPLANE 

The Schooley peneplane, named by Davis* from the level top of 
Schooley Mountain in New Jersey, is the oldest of the peneplanes 
commonly recognized. In Figure 1, Schooley Mountain is shown to be 
in the area in which a surface just touching the hilltops rises from 
400 feet at Trenton or Philadelphia to 1,200 feet on the north edge 
of Schooley Mountain. In New Jersey this surface just touches the 
crests of Watchung, Cushetunk, and other mountains. In southeastern 
Pennsylvania it just clears the tops of the hills forming the Piedmont 
upland, including the South Mountains and Reading Hills and other 
mountains of the Appalachian Mountains section. The rise across 
this surface at right angles to the contours is between 20 and 25 feet 
to the mile, slightly more at the north and less at the south. 

Across the Appalachian Valley, the same rise carries the peneplane 
trace over the top of Kittatinny Mountain, whose crest is from 1,300 
to 1,600 feet, and just above the top of the Pocono Plateau, which is 
at 1,900 feet along the south edge, rising to 2,300 feet farther north. 
The same rise, if continued, would carry this surface above North 
Mountain in Sullivan County at 2,600 feet, the Elk Hills in Sus- 
quehanna County at 2,700 feet; and, possibly with some additional 
upwarping, over the Catskill Mountains at 4,000 feet plus. 

Westward from Philadelphia the plane of the hilltops rises from 
400 feet, or less, to 1,000 feet on the Piedmont Highland in York 
County to 2,000 feet on South Mountain in Adams and Franklin 
counties, to 2,400 feet on Tuscarora Mountain, 2,900 feet on Allegheny 
Mountain, and 3,200 feet on Negro Mountain in Somerset County. 
From there the surface is commonly described as rising southward 


2Standard Dictionary: ‘Trace, n.: Any vestige or mark left by some past event or agent. 
. . . A vestige is always a part of that which has passed away. A trace may be merely a mark 
it has made or some slight evidence of its presence or of an effect it has produced.” 
2W. M. Davis: The rivers and valleys of Pennsylvania, Nat. Geog. Mag., vol. 1 (1889) p. 183-253. 
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Showing mountaim elevations and, by contours, certain warped peneplane traces or surfaces just touching the tops of the hills and mountains, 
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to 4,600 feet in Pocahontas County, West Virginia, becoming lower 
farther south, to 2,000 feet on the Cumberland Plateau, and passing 
into the Coastal Plain in central Alabama. To the north from Negro 
Mountain, the surface of the old plane is described as declining from 
3,200 feet in Somerset County to 2,300 feet or lower in northern 
Clearfield County; thence rising to 2,500 feet in Potter County and 
southern New York. This surface bevels rocks of all the Paleozoic 
and pre-Paleozoic ages. 


THE HARRISBURG PENEPLANE 


West and north of the Allegheny Mountains section, of which Chest- 
nut Ridge forms the western edge, are lower and better preserved 
surfaces. The imaginary surface just touching the tops of the hills 
is indicated in Figure 1 by contours in western Pennsylvania, southern 
New York, and the Delaware Valley. This expansive surface was 
described by Campbell * and correlated with other similar surfaces in 
the Mississippi Valley, including the Lexington peneplane of Kentucky 
and the Highland Rim of Tennessee. This surface, like the other, 
bevels rocks of many ages. 

This surface, Campbell correlated with the area of concordant 
hilltops at Harrisburg, Pennsylvania, and called it the Harrisburg 
peneplane. Later, as topographic mapping expanded and physio- 
graphic studies continued, physiographers became impressed with the 
number of levels at which level hilltop surfaces occurred and to explain 
their origin devised the theory of many pauses in the uplift of the 
oldest peneplane and of partial peneplanes in the softer rocks at the 
time of each of these pauses. 


OLD PENEPLANES 
GENERAL STATEMENT 


The argument that the present surface contains no remnant of any 
of the older peneplanes at least is supported by facts or reasoning 
under the following heads: (1) rate of reduction; (2) youthful appear- 
ance of ridge tops; (3) old appearance of wind gaps; (4) coincidence 
of present gaps with points of structural weakness; (5) abandoned 
trails of primitive drainage, now lost; (6) retreat and lowering of 
escarpments; (7) the whole subject is further strengthened and illus- 
trated by a series of selected regional studies forming the next section 
of this paper, in which critical comparisons between the surface and 
the rock structure reveal how largely the surface reflects rock content 


4M. R. Campbell: Geologic development of northern Pi ylvania and thern New York, 
Geol. Soc. Am., Bull., vol. 14 (1902) p. 277-296. 
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SECTION FROM SULLIVAN CO. PA. TO STATEN ISLAND, N.Y. OVER SCHOOLEY MOUNTAIN. 
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SECTION FROM SUSQUEHANNA RIVER AT LANESBORO TO CITY HALL, PHILADELPH 
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Ficure 2.—Profile sections of Appalachian region in New Jersey and eastern Pennsylvania 
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and structure, so much so as to throw doubt on the former existence 
of more than one peneplane over the whole Appalachian region. 


RATE OF REDUCTION 


If the rocks in any of the larger anticlines be restored, some of the 
stratigraphically higher, mountain-making sandstones, such as the 
Pottsville, would be raised to 20,000 feet or more above the present 
surface. On the theory that there has been little or no reduction of 
the mountain tops since the uplift of the older peneplane began, one 
faces the difficulty of accounting for 20,000 feet reduction between 
the time of the folding and the time of the uplift of the subsequent 
peneplane, and of no reduction since that uplift. Suppose the rocks 
were folded at the end of Carboniferous time, say 200 million years 
ago, and that a peneplane was produced during Triassic and Jurassic 
time, covering say 65 million years, and that the peneplane uplift 
began at the beginning of Cretaceous time, the seaward edge at the 
same time sinking to receive Lower Cretaceous sediments, as has been 
widely held. That would mean a reduction of 20,000 feet in the 65 
million years before uplift and no appreciable reduction in 135 million 
years since uplift, which certainly does not sound reasonable. Assum- 
ing that the peneplane was not uplifted until Late Miocene time, say 
8 million years ago, and that reduction has been at a uniform rate 
to the present, would mean a reduction of 20,000 feet in 200 million 
years, or, at a rate of 100 feet each one million years, of which 800 
feet would represent the reduction since the uplift, or during the last 
8 million years. This makes no allowance for retarded reduction 
during the last stages of peneplanation and would, therefore, appear 
to be a minimum rather than a maximum rate. This rate applies only 
to the hardest rocks. Less resistant rocks must have had a higher 
rate, and have undoubtedly been reduced a much greater distance. 

The only possible alternatives to this idea would seem to be: (1) that 
the anticline split open at the top, and so never rose as high as would 
be indicated by a complete restoration of the arches, or (2) that the 
climate changed after the uplift of the peneplane so as to slow down 
the rate of erosion after that uplift, or (3) that the sandstones in 
question became more indurated and thus more resistant after the 
uplift than before; all of which alternatives seem unreasonable. Unless, 
therefore, some other suggestion can be offered, it seems reasonable 
to assume that the present high ridge tops, reflecting peneplanes, have 
been lowered at least 100 feet for each one million years of their 
exposure, or a total of at least as many hundred feet as million years 
are assumed since the uplift of the peneplane. 
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Although the above discussion applies primarily to the highest 
ridges and hardest rocks, the same principle applies to the lower 
surfaces, supposed to reflect any later peneplanes. As a later pene- 
plane, or peneplanes, is revealed in the less resistant valley rocks 
only, the higher rate of reduction would offset somewhat the lesser 
time since uplift, so that even a younger peneplane (Harrisburg) must 
have been lowered not a few feet, but scores or hundreds of feet. 

This conclusion is in line with reduction rates derived from studies 
of rock removal by rivers. Thus, the sediments removed by the 
Mississippi indicate an average rate of lowering between 250 and 330 
feet per million years. Because of its higher elevation the Appalachian 
region should have a rate higher than the average for the basin, unless 
elevation is balanced by greater timber cover. 

In further support of this theorem, attention is called to certain 
facts in the order of increasing importance: (1) the youthful appear- 
ance of the ridge tops; (2) the old appearance of wind gaps; (3) the 
coincidence of gaps with zones of weakness; (4) lost tracks of aban- 
doned streams; (5) evidence of retreat of escarpments; (6) relation 
of surface to the rock structure. 


YOUTHFUL APPEARANCE OF RIDGE TOPS 


All rocks exposed to the weather tend to decay. The time required 
varies with the kind of rock and the circumstances. A study of old 
buildings, especially those dating back several thousand years, shows 
great variation in the susceptibility of various rocks to the elements, 
from clays or certain shales that lose their firmness and texture within 
a month or two, or certain granites and limestones, that disappear 
within a few thousand years, to quartzite, basalt, and some granites 
that seem to maintain their integrity back of historical time, perhaps 
to early glacial time or earlier. 

A visit to the ridges of the Appalachian ridge and valley section 
reveals most of them narrow crested, many of them too narrow for 
a roadway, and some of them too narrow for even a good: footpath. 
Further, these crests are usually covered with trees or other vegeta- 
tion that assists in breaking up the rock, and have a thin soil; or 
they may consist of bare, hard rock, little weathered, or of slopes 
that in places are covered with broken talus, also little weathered, 
suggesting only a few thousand rather than millions of years since 
they were broken out of the parent ledge. In places, patches of sand 
are to be found, obviously formed by the breaking down of the summit 
rock. Such narrow crests are poorly fitted to protect the underlying 
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Ficure 3.—A series of gaps 


(A) Typical water gap (Youghiogheny River, Pennsylvania); (B) young wind gap (west of 
Cumberland, Maryland); (C) young wind gap (Bald Eagle Mountain, Pennsylvania); (D) old 
wind gap (Windgap, Pennsylvania). 


rock. Rather, they seem to be admirably fitted, with their steep slopes 
on either side, to hasten decay and the removal of the rock. 


OLD APPEARANCE OF WIND GAPS 

There is a tendency on the part of many physiographers to treat 
wind gaps as though the saddle had been lowered little, if any, since 
the abandonment by the streams that made them. Figure 3 shows a 
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series of gaps, ranging from a typical water gap to a very old wind 
gap. 

The erosion going on today in practically every wind gap and the 
present shape of the saddle, compared with the original shape when 
first abandoned by its stream, reveal that there is hardly more than 
one chance in an infinity of chances that the present gaps have not 
been lowered more or less. Especially when consideration is given 
to the lowering that has obviously taken place at either end of what 
was once a water gap, there can be little doubt that most of our wind 
gaps have been lowered considerable distances, probably to be meas- 
ured in hundreds of feet. 


COINCIDENCE OF PRESENT GAPS WITH POINTS OF STRUCTURAL WEAKNESS 


Some of the water gaps and wind gaps of the Appalachian region 
are coincident with points of structural weakness, such as the trans- 
verse faulting recognized at Cumberland Gap and at the Delaware 
Water Gap. In each instance, transverse faulting has offset the 
strata and the present topography either side of the gap. The Dela- 
ware Water Gap follows a transverse fault with horizontal displace- 
ment of 700 feet. Lehigh Gap cuts through Kittatinny Mountain, 
where a local bulge in the structure results in differences of structure 
either side of the river. Schuylkill Gap in the same mountain occurs 
where a fault cuts the mountain obliquely, and the river correspond- 
ingly makes an S-turn in crossing the ridge. In the Susquehanna Gap, 
through Kittatinny Mountain, faulting is not seen, but the existence 
of a detached block of Oriskany sandstone on the west bank and 
absent on the east bank and much minor faulting suggest a fault 
zone. Just north of this is a gap through Second Mountain, where 
the topographic map shows a distinct offset between the mountains 
either side of the river. Is this coincidence a result of chance selection, 
or did the final selection come as the result of trial and error over 
a long period during which the crest of the mountain was greatly 
reduced? 

There have been two theories presented to account for the present 
positions of the gaps carrying stream flow transverse to the rock 
folding: (1) that the streams received their set at a time when the 
whole surface had been worn down to a very perfect peneplane; 
(2) by Johnson, * that the streams received their set by sinking their 
channels in a blanket of coastal plain deposits laid down following 
submergence of the peneplane just mentioned. In either instance, 


5 Douglas Johnson: Stream Sculpture on the Atlantic Slope. New York (1931). 
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Figure WIGH PLATEAU OF POTTER COUNTY 


Photograph, Pennsylvania 


Underlain by hard, resistant Pottsville or Pocono sandstone, 
Geological Survey. 
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FictreE 2.——PLATEAU IN LESS RESISTANT ROCKS 


With wider valleys, lower hilltops, and more farm land, Jefferson County, Pennsylvania. 


Photograph, Pennsylvania Department of Highways. 
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but particularly in the latter, downcutting in the hard rocks would have 
continued at the point where the stream bed encountered the hard 
rock, unless: (a) the hard ridges had not been completely reduced to 
the level of the plane except at the points of weakness, which thus 
served as outlets for drainage from the upper side of the ridge; or, 
(b) that a multitude of drainage lines were established on the plane 
at the beginning of uplift and that those streams, however small, 
that happened to lie in lines of weakness, cut faster than the others 
and ultimately sent out tributaries that beheaded all their neighbors, 
such a stream ultimately becoming a master stream. 

Objection arises to the first theory in that too many of the gaps 
cross present ridges near their ends. Had the crests projected above 
the surface, the streams would probably have found their way around 
the ends of the mountain, where they would have encountered only 
shales, rather than across the narrow fault zone. The gaps of the 
Susquehanna, north of Harrisburg, illustrate this principle, for only 
a few miles west of the present gaps, shale valleys extend around the 
end of the mountain. The second theory faces the objections that 
many of the gaps occur in the lower courses of streams, where, instead 
of a multitude of small streams, some rivers of large size must have 
been formed, of a size supposedly large enough to have maintained 
their courses against the encroachment of small streams. However, 
given time enough, a slight advantage of even a small stream cutting 
in weak rocks would undoubtedly overcome the advantage of size. The 
scarcity of large wind gaps, at all comparable in width with the present 
water gaps, would seem to indicate that the present water gaps had 
been well established before the mountain crests had been reduced 
to their present level, again emphasizing the probability of those 
crests having been reduced by many hundreds of feet. 


PRIMITIVE DRAINAGE 


Along the same line of reasoning, and yielding even more convincing 
evidence of mountain top reduction, is the disappearance of the aban- 
doned tracks of the primitive drainage. One of the strongest lines of 
evidence for the former existence of a region-wide peneplane in the 
Appalachian region is the entrenched character of the drainage trans- 
verse to the structural folding. Today, however, only a small part 
of the drainage follows its original transverse courses. Most of it 
has become adjusted to the structural bands of soft rocks, as is quite 
evident from a glance at a drainage map. Such adjustment always 
involves the abandoning of water gaps below the point of capture, these 
early water gaps becoming wind gaps. 
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For example, the North Branch of Susquehanna River between 
Sunbury and Pittston is a subsequent stream that runs transverse to 
the structure at Shickshinny and Nanticoke. This is explained as 
resulting from the capture by a tributary of the Susquehanna at Sunbury 
of parts of the headwaters of the Schuylkill and Little Schuylkill 
rivers, which had already established water gaps at Shickshinny and 
Nanticoke. Had the present ridge tops been close to the level of the 
surface on which the drainage acquired its original set, there should 
be a line of wind gaps connecting the water gaps at Shickshinny and 
Nanticoke with tributaries of the Schuylkill and Little Schuylkill. 
Their absence is explained by the assumption that since the capture 
took place drainage has cut down the levels of the ridge tops, pre- 
senting clear evidence that the original peneplane, if restored, would 
lie hundreds of, if not more than a thousand, feet above the present 
ridge tops. 

Theoretically, the original drainage was all southeastward on a 
southeastward-sloping surface. Today many of the streams and rivers 
run southeastward for some distance, then turn abruptly to follow 
the structural valleys. Examples of this are the Delaware above 
Port Jervis, above Belvidere, and above Bordertown; the Lehigh above 
Allentown; the Susquehanna above Pittston; the several branches of 
the West Branch of the Susquehanna above Muncy; the Juniata above 
Mt. Union; the Raystown Branch of the Juniata above Everett; the 
Potomac above Keisers and again above Pawpaw and Great Cacapon; 
and a host of lesser streams. If the present ridge tops had been little 
reduced below the peneplane which they reflect, there should still be 
visible lines of wind gaps, showing the former courses of these streams. 
The absence of wind gaps can only be explained by the fact that the 
crests of the ridges have been lowered below the level of the gaps 
which have been wiped out. There are today many wind gaps in the 
mountains, but, with few exceptions, they do not lie in courses of major 
streams, and indicate minor, and much later, stream capture. 

This is equally true of the northwest drainage. There can be little 
doubt that all the headwaters of the West Branch of Susquehanna 
River formerly flowed northwestward and have since been diverted; 
but the old northwest drainage lines have been wiped out except for 
the head of Anderson Creek. 


RETREAT AND LOWERING OF ESCARPMENTS 


If there has been a lowering of the highest ridges and mountains 
by several hundred feet, such a lowering of ridges formed by hard 
rocks with a low dip would also involve retreat of the escarpment 
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Figure 4.—Sketch map of part of headwaters of Youghiogheny River 
Illustrating the retreat of the Allegheny Front. Many wind gaps north of Flaugherty Creek 
tell of former streams that headed far east of Allegheny Mountain. 
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in the direction of the dip. Conversely, if evidence is found that there 
has been such a retreat, it strengthens the argument for the lowering 
of the crest of the escarpments. It may be easier to demonstrate 
the retreat than the lowering. The Allegheny Mountain region seems 
to offer clear evidence of such a retreat. 

Structurally, Allegheny Mountain is a monocline, a part of the west 
limb of an anticline. In places the anticline is of major proportions, 
exposing Cambrian rocks in its center. In other places, there is a 
minor anticline immediately east of the Allegheny Front, exposing 
only upper Devonian rocks, then a minor syncline, before the rocks 
rise over &@ major anticline. The Georges Creek coal basin is within 
such a minor syncline east of the Allegheny Front. 
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The first type of evidence of a retreat of the Allegheny Front 
consists of indications of cross-drainage. There are today two streams 
that rise east of Allegheny Mountain and flow westward across the 
mountain. Flaugherty Creek and Piney Creek rise on Big Savage 
Mountain, where it is 2,700 to 2,800 feet high, at a point six miles 
east of Allegheny Mountain, and flow across the intermediate valley, 
then through Allegheny Mountain, which in the neighborhood is 2,900 


Figure 5.—Section across Allegheny Front and Blue Knob 
To show structure. Original escarpment east of Blue Knob. (After Butts.) 


feet high. There can be little doubt that when these streams were 
established the escarpment was as far east as Big Savage Mountain, 
if not many miles farther. This part of Allegheny Mountain is much 
broken by wind gaps that suggest that other streams also headed far 
east of the present Front. Obviously, the crest of Big Savage Moun- 
tain must have been higher than the crest of Allegheny Mountain when 
these streams were established if both underlay a peneplane sloping 
westward. But there are wind gaps in Big Savage Mountain, as at 
Wolfe Gap, that suggest that the drainage originally arose to the 
east of Savage Mountain, possibly on the east side of Georges Creek 
basin. If the escarpment has retreated from that position, or even 
from Savage Mountain, it must have been accompanied by consider- 
able lowering of the crest of what is now Allegheny Mountain. 
Evidence of retreat with lowering is also found in the Blue Knob 
area of Cambria, Blair, and Bedford counties, Pennsylvania. Blue 
Knob is part of an outlier, four miles east of the present Allegheny 
Front, but now reaching an elevation of 3,136 feet; although the Front 
itself is only 2,700 feet high. Blue Knob (Fig. 5) occurs in a minor 
syncline, of the Pocono sandstone, which had risen over a slight 
anticline between the Knob and the Front. Comparing the.elevation 
of the upper Devonian rocks exposed between the knob and the Front, 
which have an elevation of 2,400 feet, with the elevation of the same 
rocks just east of the Knob (1,800 feet), it would seem highly prob- 
able that the rocks west of the Knob were protected by a cover of 
hard rocks for a long time after the rocks at the east had been exposed. 
If this is true, the protection must have come from uneroded Pocono 
strata at a time at which the actual Front was east of Blue Knob. 
The base of the Pocono in the small anticline between the Knob and 
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the Front, according to a section by Charles Butts, was not less than 
3,100 feet. To account for a difference of 600 feet elevation in the 
Devonian east of the ridge from that west of the ridge, it seems neces- 
sary to assume protection for a considerable time, which means that 
the old surface must have been much above 3,100 feet. Blue Knob 
today is a sharply pointed peak, surrounded by steep slopes—on one 
side, 1,700 feet; on a second side, 1,400 feet; and on a third side, 1,300 
feet. It must, therefore, be wearing away rapidly, suggesting that the 
original elevation of the Allegheny Front in this area was many hun- 
dreds of feet higher than now—possibly over 4,000 feet high—and 
that the various branches of Conemaugh River originally headed far 
east of the present Allegheny Front. 

As further evidence, the present courses of the eastern tributaries 
of Allegheny and Monongahela rivers indicate that they flowed down 
a plane higher at the east than at the west. But Allegheny Mountain, 
on which most of these tributaries head today (2,400-2,900 feet), is 
not as high as the level crest of Laurel Hill Ridge (2,900 to 3,000 feet) 
20 miles farther west. Either Laurel Hill was not reduced to the 
level of the peneplane and, therefore, projected above it when the west- 
ward drainage was established, or the ridges at the east have been 
considerably reduced since the uplift of the peneplane. Comparison 
of the irregular crests of Allegheny Mountain, Negro Mountain, Laurel 
Hill, and Chestnut Ridge (Fig. 8) suggests that any plane that once 
overlay these ridges, if it had any degree of regularity, must have been 
some distance above them all in order to allow the formation of the 
present irregularities in the ridge crests. The lower elevation of Alle- 
gheny Mountain today, notwithstanding its assumed higher elevation 
originally, may be explained by the fact that it is a monocline, in 
contrast with the anticlinal structure of the other ridges. 

The belt of upper Devonian rocks lying just east of the Allegheny 
Front rises from east to west and toward the south in close conformity 
with the rise in the elevation of the crest of the Front itself. In 
Lycoming County, Pennsylvania, Allegheny Mountain is from 1,700 
to 1,800 feet high, and the upper Devonian, just south, from 1,100 to 
1,200 feet. Near Tyrone and Altoona, the mountain is 2,500 to 2,600 
feet and the upper Devonian from 1,600 to 1,800 feet. At the State 
line the mountain is 2,900 feet and the upper Devonian from 2,000 to 
2,500 feet, suggesting that differential erosion preceded deformation, 
or that Allegheny Mountain lay over this belt and that the Allegheny 
Front originally lay south and east of this upper Devonian area and 
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has retreated to its present position with the gradual removal of the 
overlying Pocono sandstone, involving a corresponding decline in 
elevation. 
RELATION OF THE SURFACE TO ROCK STRUCTURE 
GENERAL STATEMENT 


At this point, data will be considered that not only bear on the 
theoretical problem of a large surface reduction from the initial pene- 
plane, but at the same time explain in some measure the origin of 
those features of the surface that have led to the assumption of many 
peneplanes. Because of the writer’s greater familiarity with conditions 
in Pennsylvania, most of the discussion will center on conditions in 
that State, and, unless otherwise indicated, localities mentioned are 
in that State. 

FLAT SURFACES AND LOCAL BASE-LEVELING 

One criterion of a peneplane is that it bevels hard and soft rocks 
equally. The fact that in places in the Appalachian region there are 
flat surfaces, partly underlain by hard rocks and partly by soft, has 
seemed to be conclusive evidence that such surfaces are unreduced 
remnants of former peneplanes. If, however, one examines these areas 
closely, he finds, apparently in every instance, that such levels are 
the result of local, or limited regional, base-leveling, where erosional 
downcutting has been retarded by hard rocks farther downstream. 
The writer’s attention was first attracted to this by flat, undrained 
areas in the South Mountains of Pennsylvania, which he had repeatedly 
cited as unreduced residuals of an old peneplane. A study revealed 
that these flat areas were coincident with divides in meta-basalt, drain- 
ing over aporhyolite farther downstream, which, being more resistant, 
served as barriers to produce limited areas of base-leveling. 

The Cumberland Plateau of Tennessee is generally thought of as a 
typical peneplane remnant. An even better example is seen on the 
“Highland Rim,” in the McMinnville region of Tennessee, 1,000 feet 
lower than the Cumberland Plateau. In each instance, the surface 
bevels rocks of different resistance to erosion. But in each instance, 
these summits are structural basins, with softer rocks in the center 
and hard rocks below, which are turned up ever so little either side, 
making a resistant rim that has retarded downcutting of the drainage 
flowing over it, while the softer rocks within the basin have yielded 
more readily, resulting in local base-leveling. This condition will con- 
tinue, regardless of elevation, as long as the basin structure with 
harder rocks forming a rim persists. In the instances cited, there are 
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two hard layers, stratigraphically 1,000 feet apart, which result in 
two level areas at that same distance apart (Fig. 6). The Highland 
Rim is everywhere turned up on its edge, facing the Nashville (anti- 
clinal) basin. 

The Pocono Plateau of northeastern Pennsylvania is an even more 
familiar example. Here is a gently rolling plateau, many areas 


Ficurs 6.—Effect of basin structure 
Section across Cumberland Plateau and Highland Rim, in southern Tennessee. 


extremely level, locally broken with morainic hills. Structurally, the 
plateau is the broad, flat end of a spooning syncline in which the Pocono 
sandstone forms a rim and escarpment on the south, east, and northern 
edges, from which the drainage flows westward over Mauch Chunk 
red shales, then over the beveled edge of the Pocono sandstone near 
Lehigh River, that sandstone serving as a barrier on the west. The 
flat surface of the plateau is due to local base-leveling in the shales, 
because of their more rapid erosion as compared to the slow cutting 
over the Pocono sandstone on the west. The present drainage rises 
so close to the eastern escarpment as to suggest that it formerly rose 
much farther east and that the escarpment is retreating westward 
(Fig. 7). 
THE ALLEGHENY PLATEAU 

Peneplane character—The Allegheny Plateau sections are an out- 
standing example of a “peneplaned” surface. In places, as in Venango 
County, stream divides, for a score of miles or more, hardly vary 
20 feet above or below a medium elevation, which rises with the 
supposed warped surface. In other areas, say a 15-minute topographic 
quadrangle, there may be 100 or more hilltops, totaling many square 
miles, that rise above one 100-foot contour, while none of them reaches 
the next 100-foot contour; and everywhere the view from the highest 
point in an area reveals a flat sea-level-like horizon. 
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Furthermore, the surface obviously bevels many formations from 
the Greene and Washington at the top, in the Ohio Valley, to the 
Mississippian and Upper Devonian, in northern Pennsylvania and 
southern New York; and although the surface is not level, the slope 
from, say 1,200 feet for the hilltops around Pittsburgh or 1,100 feet 
in the Youngstown, Ohio, area to 2,500 feet in Potter County or 
southern New York, is gradual and fairly uniform, as though the 
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Ficure 7.—Section across Pocono Plateau 
Showing basin structure and the reason for the flat surface of the plateau. 


surface had originally been nearly flat and had been tilted and lifted 
in the area of the present high land. 


Non-peneplane character—Examined more critically, however, the 
facts appear to throw doubt on the idea that the present surface of 
the Allegheny plateau is a remnant of a peneplane or that it reflects 
the trace of any peneplane younger than the Schooley. 

(1) None of the surface, except in the glaciated area, even approaches 
the flatness of an undrained plain. In areas of rocks of moderate 
resistance, the hilltops are all rounded, if not cone-shaped, and wher- 
ever nearly level surfaces occur the geologic map shows that they 
are underlain by a bed of equally flat, hard rock, suggesting a stripped 
surface. Thus, a comparison of the geologic and topographic maps 
will show that across a broad belt from Mercer County through 
Venango, Forest, Warren, and other counties, the surface and the 
structure of the Homewood sandstone rise together from 1,200 feet 
in Mercer County to 2,500 feet in Potter County, reflecting not so 
much a warped peneplane as the stripped surface of a rock which 
received its present structure, though not elevation, at the end of the 
Paleozoic. 

(2) It may be significant that the present elevations in the plateau 
area reflect the formation that underlies any part of that area. Thus, 
in the southwest corner of Pennsylvania and near-by areas the hilltops 
reach 1,600 feet. The underlying formation is the Greene, which con- 
tains a number of resistant sandstones. Surrounding that is the out- 
crop area of the Washington formation, with less sandstone and more 
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limestone, over which the hilltops rise from 1,400 to 1,500 feet. Sur- 
rounding it is the Monongahela formation, with more limestone, which 
forms the valleys of the Monongahela and the Ohio rivers, with hilltops 
at about 1,200 feet. Continuing northward, the rising surface of the 
hilltops is underlain in succession by the Conemaugh, the Allegheny, 
and the Pottsville formations, each more sandy and resistant than 
the last, and correspondingly underlying higher hilltops. 

(3) In connection with this change in the underlying formation and 
in the elevation of the surface, there is also a change in the topographic 
expression. Where the hilltops are lowest and the underlying forma- 
tion least resistant, the hilltops are also very narrow, as though wasting 
rapidly. Under the Allegheny formation, the hilltops are distinctly 
wider, so that much of the farming land and the older towns are on 
the hilltops, and the valleys are relatively narrow, steep-sided, and 
wooded. Still farther north, where the underlying rock is the Potts- 
ville or the Pocono sandstone, the hilltops are flat-lying, often level, 
and the valleys correspondingly narrow, deep, and steep-sided. The 
timbered plateau tops are testimony of the hard, rocky character of 
the underlying formation (Pl. 121). 

(4) In further support of the idea that the surface, while reflecting 
an old peneplane, has been largely determined by the underlying rock 
character and structure, is the close relation between the anticlinal 
structure in the Pittsburgh area and the higher land (Fig. 1). Generally 
in the Pittsburgh area, the hills underlain by the Monongahela and 
the Conemaugh formations are concordant at about 1,200 to 1,300 
feet. But anticlines which bring up the underlying Allegheny and 
Pottsville formations rise along the axis to 1,400 to 1,500 feet. Many 
years ago this fairly constant difference led students to believe that 
there had been two peneplanes in the area, the Harrisburg, reflected 
in the anticlinal ridge tops, and the Worthington, as it was called, in 
the synclinal areas. But tracing the upland surface into northwestern 
Clearfield County, where the first high anticlines are encountered, 
the anticlines from which the Allegheny has been stripped rise to 
2,300 feet as compared with 1,600 to 1,800 feet for the intermediate 
hilltops in the Allegheny formation. As these summits at 2,300 feet 
are traced round the outcrop of the Allegheny formation to northern 
Jefferson County and the counties to the north and west, there is seen 
to be no surface break, or escarpment, between the surface underlain 
by Pottsville and that underlain by Allegheny, and it becomes appar- 
ent that the hilltops at 2,300 feet, assigned to the Allegheny or Schooley 
peneplane, pass imperceptibly into the Harrisburg and Worthington 
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in the latter area. Either the low dip results in a ramp from one 
surface to the other, or, as seems more likely, all these surfaces are 
the result of differential erosion, and all reflect a single old peneplane, 
the Schooley. 
ALLEGHENY MOUNTAINS SECTION 

The mountain ridges—Farther east, in the Allegheny Mountains 
section, one notes a series of high anticlinal folds which bring up the 
Pottsville and Pocono sandstones. The tops of these ridges, at 2,300 
to 3,200 feet, have been thought to mark the position of the Schooley 
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Ficurs 8.—Profiles of the Allegheny Mountain ridges in thern I yl 


peneplane in that area. As these ridges become lower to the north, 
it has been assumed that this northward slope was part of a deformed 
surface of the Schooley peneplane, notwithstanding the fact that 
this slope is directly contrary to the northward rise of the hilltop sur- 
face immediately west of Chestnut Ridge. This difference has been 
explained as a result of differential warping of the two surfaces at 
different times. 

However, that explanation seems doubtful when it is noted that the 
northward slope, which is not uniform for the several ridges, is in 
accord with the structural position of the Pottsville and the Pocono 
sandstones which underlie the ridges. Thus, Chestnut Ridge is over 
2,700 feet high near the Pennsylvania State line,-where the top of 
the Pottsville sandstone has been stripped from the top of the ridge, 
but it would be at about 3,200 feet if restored. At the Youghiogheny 
River, the top of the Pottsville and the top of the ridge coincide at 
2,300 feet. East of Derry, the top of the Pottsville is at 2,400 feet 
and the top of the ridge at 2,380 feet. Farther north, the top of the 
Pottsville is down to 1,500 feet, and the ridge top is at 1,700 feet, or 
as low as the hilltops on either side (Fig. 9). In northern Clearfield 
County, the top of the Pottsville sandstone and the ridge top both 
reach 2,300 feet (P]. 126). In the southeast corner of Jefferson County 
the ridge top is at 2,200 feet, while the top of the Pottsville is only 
1,800 feet. But the reason for this is understood when it is noted 
that the ridge is capped by the Upper Mahoning sandstone, 400 feet 
above the top of the Pottsville, a sandstone that in this area is very 
massive and resistant. 
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Without undertaking 
to trace the parallelism 
of the surface and struc- 
ture of the outer ridges, 
it is obvious, when this 
parallelism is _ traced, 
that the decline in eleva- 
tion of the Allegheny 
Mountains ridges in 
Pennsylvania is associ- 
ated with, if not due to, 
a corresponding decline 
in the position of one or 
more hard rock strata, 
as a result of rock fold- 
ing. 


The mountain valleys. 
—Equally informing is 
a study of the intermon- 
tane valleys between 
these ridges. The hill- 
tops of these valleys are 
at concordant elevations 
in each valley; but be- 
tween valleys these ele- 
vations form a series of 
steps, rising by 100 feet 
or more from valley to 
valley, though in each 
valley the hilltop sur- 
face declines toward the 
north. This is brought 
out in Figure 9. The 
most obvious feature is 
the usual, but not uni- 
versal, close association 
in position and elevation 
of the mountains with 
the structural position of 
the harder sandstones, 
notably that of the 
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Homewood sandstone (about 50 feet thick) at the top of the Potts- 
ville (Ptv. in Fig. 9). Where there is a ridgetop in strata above the 
top of the Pottsville, a study of the rock stratigraphy commonly 
reveals that one or more of the overlying sandstones are massive and 
resistant in that area. Thus, in the first section, the top of the Home- 
wood does not reach the surface (in the line of section) in either 
Chestnut Ridge or Laurel Hill anticlines. At the former, lack of 
resistant sandstones results in the hilltop surface passing over the 
anticline with almost no increased elevation. At Laurel Hill, massive 


Ficurs 10.—Sections across water gap, with arch of hard sandstone 


Showing the effect of position on resistance to downcutting and the production of a base-leveled 
surface upstream. 


sandstones (especially the Saltsburg in the Conemaugh) result in a 
hill of moderate height. The lower hilltops at the east are related 
to the eastward-flowing drainage, the original northwest drainage hav- 
ing been captured by the drainage of Susquehanna River. At Patton 
there is the approaching capture of Chest Creek, a large tributary of 
the West Branch, which is flowing at 1,720 feet elevation; but tribu- 
taries of Clearfield Creek, only two miles to the east, are flowing at 
elevations of 1,670 and 1,550 feet, and would undoubtedly, if left to 
themselves, in a relatively short time capture and divert the headwaters 
of Chest Creek above Patton. 

The next striking feature is the series of steps formed by the hilltop 
surfaces of the several valleys. This upland, hilltop surface reflects 
times in which the drainage of the valley in which they occur was 
flowing through the water gap below, at such a level that it encountered 
one of the hard sandstones in such a position in the arch as to give 
a@ maximum length of that sandstone in the gap (Fig. 10).° As the 
stream deepened its channel in the arch, it finally cut below the more 
resistant sandstone in the center of the arch, thus reducing the length 
of sandstone-cutting and resistance, and so the arch no longer served 
as a barrier behind which base-leveling was in progress, and the 
drainage began to etch its way down to the present level. 

This is most strikingly shown in Figure 11 and in the two sections 
at the bottom of Figure 9, from Cheat River and Deckers Creek. 
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Ficure 11.—Water gaps near Morgantown, West Virginia 
Decker Creek falls from 1,680 feet to 980 feet, or 700 feet, in crossing Chestnut Ridge, and 
the valley above is broad and partially base-leveled. Cheat River, 4 miles north, has cut 
a 1,250-foot gorge through Chestnut Ridge, because, having recently undercut the Homewood 
sandstone, east of the ridge, it quickly sank its channel in the underlying Upper Mississippian 
shales and limestones. Compare the narrow gorge with that of Youghiogheny River (Figure 3). 
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At Deckers Creek, which is four miles south of the Cheat River gap, 
the stream has a fall of 700 feet in crossing Chestnut Ridge, most of 
which comes in crossing the two limbs in the Pottsville sandstone. 
The drainage of this creek east of the ridge is partly base-leveled, 
with areas of swampy flat land at 1,700 feet. By contrast, Cheat River 
crosses the ridge with a fall of only 30 feet, and east of the ridge it 
is flowing at a depth of 1,000 feet or more below the upland surface. 
The answer seems to be that, notwithstanding its larger volume, the 
long stretch of Pottsville, through which it must have been cutting 
when at the higher level, retarded the downcutting of the area it drained 
until, having finally lowered its bed through the Pottsville into the 
underlying Mauch Chunk shale and Greenbriar limestone, it sank 
its channel rapidly and only recently to its present depth. So recently 
has this happened that the smaller tributaries are all hanging valleys, 
and even the larger streams have only begun to regrade their beds. It 
shows also in the smooth surface of the walls either side of the water 
gap through Chestnut Ridge (Fig. 11). 

The Youghiogheny section brings out another interesting fact. Assum- 
ing that the several anticlinal ridges have served as barriers to produce 
local base-leveling above, it would be expected that the gradient of 
the stream would be much higher through the several ridges than in 
the intermontane valleys. But, as shown by the section, the grade 
through Chestnut Ridge is only 15 feet to the mile and in the next 
valley 40 feet. Through Laurel Hill the grade is 1614 feet per mile 
and again through the next valley 40 feet. Through Negro Mountain 
it is 1634 feet per mile; through the next valley 20 feet. Through 
Allegheny Mountain it is 22 feet per mile and through the next valley 
30 feet to the mile. This anomalous condition is readily explained 
when it is noted that the stream bed in the intermontane valleys is 
cutting in the Pottsville or running on top of it, and thus is controlled 
by the structural position of that sandstone. 

As one studies these various surfaces, ridges, intermontane hilltops, 
and all, a conviction grows that all of them are the result of differential 
erosion combined with local base-leveling, though reflecting’ an older 
peneplane; and that all of them have come down from the position 
of the old plane by many feet, certainly hundreds of feet if not one 
thousand or more. 

The reason for the seeming uplift and stream-etching of the pene- 
plane of western Pennsylvania and the adjoining States is not clear. 
In the Pittsburgh region at least 200 feet or more of the etching has 
been done since the drainage toward the northwest was diverted to 
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the present Ohio by glacial ice. The northwestward drainage of west- 
ern Pennsylvania was flowing against a rise of the rocks, some of 
which may have served as barriers to retard downcutting. With the 
diversion of the drainage to the southwest down the Ohio that obstruc- 
tion was avoided, though the Ohio drainage does cut across the Cin- 
cinnati structural arch. The writer is strongly inclined to think that 
the problem will be solved, without resort to coastal movements, as 
knowledge of recent physiographic history increases, though the fact 
of crustal movement in that area is beyond question. 


Ficure 12.—Section jrom Montg y to Cogan House Valley 


Across Bald Eagle Mountain, through a wind gap still preserving the appearance of a 
water gap, thence up the river to the mouth of Larrys Creek and up that to Cogan House 
Valley. (See Figure 3.) 


Continuing eastward, a study in the Williamsport area yields inter- 
esting results. Williamsport is in a mile and a half wide, level valley, 
520 to 540 feet in elevation. Immediately north of town, there isa 
highly dissected, hummocky upland (Pl. 122) 6 miles wide, in which 
the hilltops nearly all lie between 1,100 and 1,300 feet. This surface 
is cut in folded Upper Devonian rocks and forms a piedmont belt 
at the eastern or southern foot of the Allegheny Mountains. It has 
been treated by nearly all physiographers who have mentioned it as 
part of one of the peneplane surfaces. North of this the structure 
has resulted in a plateau, formed by Pocono sandstone, in a shallow 
syncline at 1,700 to 2,100 feet, and north of that, irregular anticlines 
have led to the exposure of the Upper Devonian rocks in enclosed 
valleys with level hilltops at various elevations. Thus, in Wallis 
Run Valley, east of Lycoming Creek, the hilltops lie between 1,300 and 
1,400 feet. In Cogan House Valley, west of Lycoming Creek, the 
hilltops are between 1,600 and 1,760 feet. Here again, effort has 
been made to tie these in with one or another of the several peneplanes. 
South of Williamsport, Bald Eagle Mountain is 2,100 feet high. A 
few miles southeast of Williamsport, a long wind gap at 1,220 feet 
though the mountain seems to furnish the key to the whole situation 
(Fig. 12). Obviously, the drainage of all of the West Fork of Sus- 
quehanna River above this point formerly ran through this gap, and 
there would seem to be little doubt that the hummocky surface north 
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of the river was base-leveled at that time. In the same way, the 
hilltop levels in Cogan House and other valleys are to be accounted 
for on the basis of base-leveling by the barrier of Allegheny Mountain. 
The hilltops in Cogan House Valley are as high above the hilltops 
south of Allegheny Mountain, as Larrys Creek, where it leaves Cogan 
House Valley, is above Larrys Creek just south of Allegheny Moun- 
tain. Later a tributary of the river found its way in the shales around 
the nose of the plunging anticline of Bald Eagle Mountain (Pl. 122) 
and tapped the river north of the gap, diverting it to its present course 
and permitting the dissecting of the old base-leveled surface. 


RIDGE AND VALLEY SECTION 


General statement.—Here again, the question concerns the level 
crests of many of the ridges at many elevations and, on the other 
side, the levelness of hilltop surfaces in the valleys, which are also at 
many elevations. In this area, three mountain-making sandstones 
are involved: the Medina, at the base of the Silurian; the Pocono, 
at the base of the Mississippian; and the Pottsville, at the base of 
the Pennsylvanian. A complicated system of folding, followed by 
peneplanation of the area and its later etching, has left these relatively 
thin, hard sandstone members standing in relief. Other things being 
equal, one notices these general relations between the structure and 
the elevations: (1) A low dipping monocline is higher than a steeply 
dipping monocline; (2) an anticline is higher than a monocline; (3) a 
broad anticline is higher than a narrow anticline; (4) a syncline is 
higher than an anticline; (5) two monoclinal ridges close together 
are higher than the same ridges well separated; (6) the point of 
junction of two monoclinal ridges of a syncline or of a breached 
anticline is higher than either ridge elsewhere; (7) any change in 
the structure of a ridge is registered in either higher or lower elevations. 


Relation between ridge elevations and structure —Study of any long 
ridge in the “Ridge and Valley Section” of the Appalachian Valley 
region at once discloses a close correspondence between the elevations 
of the ridges and the other factors mentioned. For example, Kitta- 
tinny Mountain, facing the Appalachian Valley section from the west, 
varies in composition and structure from point to point, and corre- 
spondingly in elevation. Thus, at the east it consists of the Clinton 
and Tuscarora quartzites (together forming the Shawangunk forma- 
tion), and it has an elevation of 1,400 to 1,500 feet, with high points 
rising to 1,600 feet wherever there is any structural change which 
widens the top of the mountain. In the Susquehanna Valley area, 
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the structure is simple for many miles, the Clinton becomes less 
massive, and the crest has an average elevation of 1,300 feet for 53 
miles. Then, west of the Susquehanna the underlying Juniata and 
Oswego sandstones gradually wedge in, and the mountain rises to 
1,600 feet or more, reaching 1,800 or 1,900 feet in places. In the south 
corner of Perry County, the approach of an anticline from the north 
produces a synclinal structure in the mountain top, which rises to 
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Ficurs 13.—Cross-sections of Kittatinny Mountain 
Showing relation of mountain height to structure. 


2,200 feet, and just north of the Lincoln Highway, a double flexture 
in the crest brings it up to 2,400 feet (Fig. 13). At one point in 
western Perry County, Kittatinny Mountain, a flat-crested, steep 
monocline with an elevation of 1,700 feet, lies parallel to, and only 
two miles from, Bowers Mountain, a broad anticline, level-topped at 
2,100 feet. 

Here are flat mountain tops at 2,400, 2,200, 2,100, 1,700, 1,600, and 
1,300 feet—all mixed up, all on mountains formed by the same sand- 
stone. Do they represent several peneplane levels, or may they not 
be equally, or better, accounted for by differential erosion below a 
single peneplane. The close accord between the elevations and the 
changing structure or composition of the mountain-forming sandstone 
would seem to point to differential erosion. 

If these differences of elevation are not due to differential erosion, 
these same elevations should be repeated on adjoining ridges, of which 
there are many. However, a study of the map shows that, while the 
mountain tops increase in elevation westward, each ridge is a law 
unto itself. For example, Jacks Mountain in central Pennsylvania 
maintains a uniform elevation of 1,800 to 1,940 feet A. T. for 31 miles 
(as far as mapped), except where cut by water gaps. Surely here, 
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if anywhere, is an example of a little-reduced remnant of a peneplane. 
But none of the nearby parallel ridges has the same elevation. Thus, 
Standing Stone Mountain, formed by the north limb of the same 
anticline of which Jacks Mountain is the south limb, is level-topped 
at 2,100 feet, until widened by a change in the structure, where it 
rises to 2,300 feet or 2,400 feet a few miles to the northwest in Big 
Flat. Approaching Juniata River, the anticline is lower, so as to 
bring the two limbs together, and Jacks Mountain rises to 2,300 feet 
and continues southward with an irregular crest between 1,800 and 
2,360 feet. Or, turning to the parallel ridges on the southeast, Blue 
Mountain is 2,000 to 2,100 feet high; Black Log Mountain, 1,900 to 
2,080 feet, rising to 2,240 feet where it joins Shade Mountain, which, 
where of uniform structure, is from 1,900 to 2,000 feet. Still farther 
southeast is Tuscarora Mountain, 2,000 to 2,120 feet high. Again, 
in nearly every instance, stretches of level crests are confined to 
stretches of uniform structure, and the slightest change in the structure 
is reflected in higher or lower ridge crests. 

The one exception is a group of parallel ridges either side of the 
Susquehanna, north of Harrisburg, all of which are level-crested at 
about 1,300 feet. This group of ridges, six in number and involving 
three different sandstones, are all, but one, steeply monoclinal; but 
where the structure changes toward the east, the elevation also changes; 
as where Berry Mountain in northern Dauphin County, at 1,300 feet, 
widens out into Broad Mountain, at 1,700 feet. At first sight, here 
would seem to be evidence of an intermediate peneplane between the 
Schooley and the Harrisburg. But that theory meets two difficulties: 
(a) these ridges are all narrow-crested as compared with nearby 
broader and higher mountains, and have all the earmarks of being 
lowered so rapidly as to account readily for the difference in their 
elevation and that of the nearby higher ridges; and (b) they do not 
fit in with any other mountain tops, unless one assumes correlation 
with the plateau upland of northern Pennsylvania, which appears to 
trace around by southern New York and northern Pennsylvania and 
thence southwest into the so-called Harrisburg peneplane of western 
Pennsylvania and eastern Ohio. But granting that these ridges, be- 
cause of their structure, are being reduced faster than the broader 
mountains of eastern Pennsylvania, such a correlation as just sug- 
gested indicates again that all of the surface of the northern Appa- 
lachian area has been reduced from a single old peneplane. 


Valley floors and their history.—The ridge and valley section is also 
characterized by level-floored valleys, the floor extending from one 
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flanking ridge to the other. Into this floor the present streams have 
etched channels to depths of one to several hundred feet. As these 
valley floors are at many elevations, they seem to support the theory 
of many peneplanes. For example, in the Lewistown region of the 
Juniata Valley, there are a series of parallel valleys, each charac- 
teristically floored with a flat hilltop plane. Thus, at Granville, a few 
miles above Lewistown, the valley of the Juniata is two miles wide 
with many hilltops between 600 to 680 feet. Across several minor 
ridges, north of Lewistown, is Ferguson Valley, with the hilltops at 
700 feet, and north of that the Kishacoquillas Valley, three miles 
wide, level-floored at 800 to 900 feet. The hilltops of the three valleys 
form a series of three steps at, say, 650 feet, 700 feet, and 850 feet 
elevation. The following table shows the relation of these hilltops 
to the grade of the drainage in the several valleys, and would seem 
to give the key to their origin. 


Taste 1—Elevations of hilltops and drainage in the Lewistown Region 
of Pennsylvania 


Drainage Hilltop to 

Hilltops entering leaving Difference drainage 
Kishacoquillas Valley ............ 850 600 250 
Big Ridge and others ............. vee 510 450 60 ae 
Juniata Valley at Lewistown ...... 650 450 445 5 200 
Juniata Valley below Mexico ..... 500 400 390 10 100 


A study of these figures and of the topography in the field points 
toward the following conclusions: 


1.—The several hilltop planes owe their existence to local base- 
leveling within the immediate valley as a result of retarded down- 
cutting across the separating ridges. 

2.—In this instance, notwithstanding the generally level character 
of the valley hilltop floors, they do not give the impression of ever 
having been reduced to a really flat plane, or that their present flatness 
has been produced by lateral stream planation. 

Moving a step nearer the Harrisburg peneplane type locality, the 
valley uplands begin to take on, even more strikingly, the appearance 
of peneplane surfaces. The writer has chosen for study the Millersburg- 
Millerstown area in the quadrangles of the same names. Here is a 
series of more or less nearly parallel valleys separated by narrow 
ridges with crests uniformly about 1,300 feet. 
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Millersburg is in a flat-floored valley, up to 5 miles wide. The 
valley is in Mauch Chunk shales and sandstones, lying between Mahan- 
tango and Berry mountains of Pocono sandstone, somewhat like, but 
more level than, Powell Valley shown in Plate 122, figure 2. Here 
are hilltops as much as two miles long within a single 20-foot contour. 
A close examination reveals that this floor is not level, but rises grad- 
ually from 520 feet near the river to 700 feet at Berrysburg, 9 miles 
from the river, and to 800 feet at Gratz, 14 miles from the river; a rise 
of 20 feet to the mile, or far too high for the gradient of a base-leveled 
area. The eastern end of the valley is drained by Pine Creek, which 
escapes northward through Mahantango Mountain. Farther west, 
Deep Creek drains a section of the valley through a gap at Pillow, 
and probably was responsible for the flatland around Berrysburg, 
while another stream formerly drained the area west of that town. 
Obviously, the flatness of the hilltop surface is owing to local base- 
leveling by a number of streams which escape, or did escape, to the 
north, through gaps that decrease in elevation from east to west, 
rather than to a peneplane which affected the level of the whole valley. 

West of this valley is the valley of Wild Cat Creek and Wild Cat 
Run in which are 23 hilltops between 700 and 800 feet, with two above 
800 feet; but Pfoutz Valley, next west, in Upper Silurian shales, is 
level-floored between 500 and 600 feet. Continuation of this study 
shows that each valley, like each ridge, is a law unto itself, the 
present topography depending on the character of the rock involved 
and its structure, with interbedded hard strata usually producing 
minor projecting ridges. 

In these instances, most of the ridges serving as barriers are mono- 
clinal in structure so that it is not possible to explain the seeming 
levelness of the hilltop surfaces by change in structrue as the ridge 
is worn down. On the other hand, the variation in level of these sur- 
faces from valley to valley makes it impossible to explain the level 
on the basis of a common barrier for all the valleys. The only alter- 
native seems to be the assumption that the surfaces in the various 
valleys are being lowered parallel to an old peneplane, which they 
all reflect, the difference in elevation depending on the character of 
the rock formation under the valley. All of which again supports the 
thesis that the determining factors in the present hilltop surfaces are 
an old peneplane reflected in the surfaces, and the character and the 
structure of the rock below, which determine the present elevation. 


a 
2 
q 
a 
2 


BULL. GEOL. SOC. AM. VOL. 46, 1935, PL. 123 


Figure 1.—RIDGES AND WATER GAPS 
View from Reservoir Park (600 feet A. T.) Harrisburg, showing Kittatinny Moun- 
tain, Second Mountain, and Peters Mountain in far distance. In the middle foreground 
is the “Harrisburg peneplane” at 520 feet A. T. 


Ficure 2.--END VIEW OF SECOND MOUNTAIN 
Showing monoclinal structure and narrow crest. Vhotograph, Pennsylvania Department 
of Highways. 
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APPALACHIAN VALLEY SECTION 


General statement —The Appalachian Valley section marks the type 
locality of the Harrisburg and Chambersburg peneplanes, which, over 
large areas in the Susquehanna and Potomac valleys, have all the 
earmarks of true peneplanes. 

As long ago as 1883, Lesley ® noticed and described the flat hilltop 
surfaces in the valleys, saying: “It [the slate belt] is a region of low, 
flat hills trenched by a multitude of small valleys, and when looked 
down on from the mountain appears like a great plain, which it 
really is.” It was this plane which Campbell later correlated with 
the hilltop plane of western Pennsylvania and elsewhere and called 
the Harrisburg peneplane, from a level of concordant hilltops at 
Harrisburg. 

The general tendency in recent years has been to identify at least 
three distinct surfaces in the Appalachian Valley across New Jersey, 
Pennsylvania, and Maryland. These include a lower surface typified 
by the broad area of flat land in the Lehigh Valley, 6 miles wide, and 
extending west of Delaware River for 25 miles, all at about 400 feet, 
and similar areas farther west in Lebanon, Cumberland, and other 
counties. This flat surface in this valley is everywhere associated 
with limestone. Supposedly, the same surface is extensively developed 
at the same elevation on the limestones of the Lancaster area and in 
the York Valley. 

Above, and usually separated from the first surface by a 100-foot 
scarp, is an intermediate level, developed on the Martinsburg shale 
at about 500 feet, or higher. Where the Martinsburg shale has been 
changed to slate, as in the Delaware Valley region, or where the 
surface is underlain by the sandy upper member of the Martinsburg, 
a still higher surface exists, which may lie 200 feet or more above the 
intermediate surface. These surfaces have been identified as the 
Bethlehem, or Somerville, the Harrisburg, and the Chambersburg 
peneplanes. 

In addition to the three surfaces just named, which are the only 
ones in the Appalachian Valley proper, other and higher surfaces 
have been identified in the hills and mountains adjoining on the south 
and east, to which the names Mine Ridge, Weverton, Arcadia, Honey 
Brook, and others have been applied.” a 


¢J. P. Lesley: General Introduction to Report D-8, Second Geol. Surv. of Pa., vol. 1 (1883) 
p. 27. 

7E. B. Knopf: The physiography of Baltimore County, Maryland, in Baltimore County, Md. 
Geol. Surv. (1929) p. 88-89. 
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As the peneplane character of these many surfaces is definitely 
challenged by the writer, it will be well to review somewhat carefully 
the evidence for them in this region. The lines of evidence include: 
(1) the existence of extremely level areas or areas of concordant 
hilltops at many elevations, especially on certain interstream divides, 
and their unbroken extension from valley to valley; (2) the fact that 
these level surfaces bevel one or more beds of different hardness; 
(3) the presence of meandering streams as evidence of low gradient; 
(4) possible correlation of surfaces with other gravel-covered surfaces. 
For the purpose of this study the type localities of the Harrisburg 
and Chambersburg “peneplanes” will be described briefly, pointing 
out the presence of the several criteria just mentioned. 


Harrisburg peneplane-—At Harrisburg, the Harrisburg peneplane 
consists not of any large area of flat hilltops, but of a large area 
within which hundreds of hilltops are all at practically the same level, 
so that, as seen from a distance, the hilltops merge to form a flat 
surface (Pl. 124) that abuts sharply against the steep flanks of the 
enclosing mountains. Thus, in a belt just west of Harrisburg, 15 miles 
long by 414 miles wide, there are 50 hilltops between 500 and 520 feet; 
24 between 520 and 540 feet; 11 between 540 and 560 feet, and none 
above that. The height and breadth of the hilltops increase westward 
up Cumberland Valley. The same abundance of hilltops at about 
520 feet occurs south of Harrisburg, over a broad area in Dauphin, 
Lancaster, and York counties, regardless of intervening mountain 
areas, and many of the hilltops become broader, some of them having 
flat tops a mile or more square. 

This hilltop surface becomes still more striking if followed south- 
westward up the valleys of the larger creeks to the divide between 
the Susquehanna and the Potomac. Thus, Conewago Creek and Little 
Conewago Creek occupy a valley ten or a dozen miles wide, and (except 
for Conewago Mountain, which rises to 1,040 feet in four separate 
peaks) the hills in the valleys are broad and flat-topped at between 
500 and 560 feet. The stream at its mouth is 260 feet. Upstream, 
while the valley hilltops maintain the same level, the channel rises 
gradually until north of Gettysburg, it has barely trenched itself in 
the flat plane constituting the divide, at an elevation between 520 
and 540 feet (Fig. 14). To all appearances here is an old plane, 
hardly etched at all at the head, but dissected to a depth of 300 feet 
at the mouth of the stream. In the valley of Conodoguinet Creek, the 
hilltop plane rises gradually from 500 feet at the Susquehanna, opposite 
Harrisburg, to 670 feet at the divide north of Chambersburg; then 
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follows Conococheague Creek down its valley, which is 8 to 16 miles 
wide, the hilltops having an elevation of 500 to 520 feet at the mouth 
at Williamsport, Maryland. 

Further evidence of the peneplane character of this surface is seen 
in the meandering courses of the Potomac above Harpers Ferry, of 


Figure 14.—Map of parts of Pennsylvania and Maryland in type areas of Harrisburg and 
Chambersburg peneplanes 


the Conococheague, the Conodoguinet, the Conewago, and many other 
streams of the area. All these are evidence of the extreme levelness 
of the land at the time the meanders were formed. That this surface 
is developed on a variety of rocks, ranging in age from the Missis- 
sippian to the Cambrian, forms another line of evidence. 

Additional confirmation has been sought, though not proven, in 
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correlating this surface with that under the Bryn Mawr formation 
of sand and gravel on the southeast slope of the Piedmont Upland. 
Unfortunately, the two areas are separated by that Upland, many 
miles wide and rising to an elevation of 1,000 feet. 


Chambersburg peneplane——Later, Campbell and others concluded 
that the widespread surface he had described as “Harrisburg” away 
from the Harrisburg area, was probably an older and higher plane. 
Recently, he correlated it with flat lands at higher levels in south- 
eastern Pennsylvania and Maryland, under the name Chambersburg 
peneplane,® of which the type locality is a ridge two miles west of 
Chambersburg. The levelness of the crest of this ridge may be indi- 
cated by a series of bench marks along the crest for 16 miles, about 
a mile apart: 683, 710, 747, 750, 748, 754, 780, 767, 741, 737, 708, 723, 
781, 731, 750. The same plane, supposedly, is well developed on the 
Susquehanna-Potomac divide at Hanover and north and east of Gettys- 
burg, at an elevation of 620 to 640 feet, with a slight rise from 
southeast to northwest, in a series of broad, flat hilltops which cut 
four different geologic formations, the Heidlersberg member of the 
Gettysburg shale, a diabase dike, and the New Oxford formation, all 
of Triassic age, and the Conestoga limestone of Ordovician age. Could 
any better test of its peneplane character be asked? The appearance 
of a cut plane is heightened by several sugar-loaf hills, which rise 
sharply above the otherwise flat hilltops, such as Granite Hill and 
Round Top, the latter in the Gettysburg battlefield. The descriptions 
just given are characteristic of many other areas. 


Other explanation—Is there any other explanation for these sur- 
faces—an explanation that does not demand wide crustal uplift affect- 
ing all of the Appalachian region? 

First; if the hardest rocks are being lowered by erosion not less 
than 100 feet in a million years, the softer shales and limestones 
under the valleys probably have a rate several times that, say, 250 
to 500 feet to the million years. If it be held that either the Harris- 
burg or the Chambersburg peneplane is of Tertiary age and, therefore, 
at least a million years old, it is necessary to allow for at least several 
hundred feet of lowering. If either or both of these surfaces have been 
lowered by such amount, the slight differences of level between their 
“traces” today lose significance, and the single peneplane, if one ex- 


8M. R. Campbell: Chambersburg (Harrisburg) Peneplain in the Piedmont of Maryland and 
Pennsylvania, Geol. Soc. Am., Bull., vol. 44 (1033) p. 553-573. 
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isted, must have had an elevation, if restored, of several hundred feet 
above any of the surfaces just described. 

Second; with certain exceptions, the present hilltop surfaces have 
too steep gradients away from the master streams to encourage mean- 
dering. Thus, the hilltops in Cumberland Valley rise from 500 feet 
at the Susquehanna to 670 feet at the divide north of Chambersburg, 
a rise of 170 feet in 42 miles, or over 4 feet to the mile. The hilltops 
of Conewago Valley maintain an almost constant elevation of 520 
to 560 feet from the divide north of Gettysburg to the mouth of the 
valley. The hilltops in Conococheague Valley drop from 670 feet at 
the divide to 520 feet at Williamsport, Maryland, a distance of 30 
miles, or 5 feet to the mile. Antietam Valley hilltops rise from 520 
feet at the mouth to 600 feet at Hagerstown, 80 feet in 16 miles, or 
5 feet to the mile. Above Hagerstown the rise is more than 10 feet 
to the mile. 

The presence of meandering on so steep a gradient can be explained 
only on the basis of subsequent warping or of subsequent differential 
lowering by erosion which has been greater near the master streams 
than at or near the divides. As the gradients of the hilltop surfaces 
of adjoining and nearly parallel valleys differ, as given above, it 
seems necessary to fall back on differential and extensive erosion. 
If that be the true solution, it is significant that the hilltops have 
been lowered at so uniform a rate. 

Third; the Susquehanna flows through a gap in Kittatinny Mountain, 
a mile wide and 1,000 feet deep. Then, for 35 miles it flows through 
a wide open valley in which, for many miles on either side, most of 
the hilltops range between 380 and 540 feet, depending on the char- 
acter of the underlying rock. Then, it enters a narrow gorge, from 
two-tenths to eight-tenths of a mile wide, the steep banks rising to 
500 or 700 feet, the river being between 100 and 200 feet. Were these 
hilltops at 400-500 feet remnants of peneplanes formed at those levels, 
there should be at least narrow benches at those levels through the 
gorge. No such benches have been found. Their absence is explain- 
able if the present surfaces have been lowered several hundred feet, 
for the top of the narrow part of the gorge is commonly below 600 
feet; so that if such benches had existed above 600 feet, they might 
have been wiped out in the subsequent deepening and widening of the 
gorge. 

Fourth; although the valley hilltops give the appearance of a flat 
floor or “great plain,” if examined more closely, there are usually 
found two or more levels corresponding closely to formation outcrops, 
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and to be interpreted as several peneplanes or as differential erosion 
downward from a single higher peneplane. If these levels are due 
to the presence of several peneplanes, it is necessary to find an equal 
number of coastal movements with which they may be connected. 

Thus, if one considers the Appalachian Valley where crossed by the 
Susquehanna, the hilltops of Martinsburg shale at the north have 
elevations of 500 to 540 feet. The Cambro-Ordovician limestones, 
just to the south, have hilltops, near the river, of 380-400 feet plus. 
At Carlisle, 16 miles farther west, the shale hilltops are still at 520- 
540 feet, while the hilltops in the limestones range from 480-600 feet. 
Eleven miles farther, at Newville, the shale hilltops are at 600-660 
feet, and the hilltops in the limestone area range from 600-700 feet 
for the Beekmantown and Chambersburg limestones up to 860 feet 
for Elbrook and Conococheague limestones. 

The 400-foot level disappears across the Triassic belt, where hilltops 
at 520 feet are abundant, but reappears south of that belt, over a wide 
area in Lancaster County, where the hilltops over several hundred 
square miles are between 380-420 feet. Bordering this area on the 
north are shale hills between 520 and 640 feet, the higher hills coin- 
ciding with layers of quartzite in the shale. Eastward, the hills in 
the limestone area rise to as high as 540 feet near New Holland, or 
as high as on some of the adjoining hilltops on Antietam quartzite. 

In these areas one notes: first, that, notwithstanding its generally 
level appearance, the surface, even on the same beds, varies 100 or 
even 200 feet in elevation in a way quite inconsistent with the idea 
of a peneplane level; and, second, the meanders of the larger streams 
continue among the higher elevations as though antecedent to the 
higher hills. There would seem, therefore, little doubt that these 
so-called peneplane surfaces have descended from a higher peneplane. 

Fifth; in the Potomac Valley, a distinct difference may be noted 
above and below Point of Rocks, as though there might have been 
local base-leveling above that point, where the river crosses Catoctin 
Mountain. The area has been described by Keith,® who holds that 
Catoctin Mountain is a tightly compressed syncline. His mapping, 
and a section just north of the gap, show that at the gap the river is 
cutting through the Louden formation, or basal Cambrian, which 
consists of “slates with beds of conglomerate, sandstone, and lime- 
stone,” 0 to 800 feet thick. Over that is the Weverton sandstone, 
“white sandstone and conglomerate,” 100 to 900 feet thick. Obviously, 


* Arthur Keith: Geology of Catoctin Belt, U. 8. Geol. Surv., 14th Ann. Rept., pt. 1 (1894) 
Pp. 285-395. 
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at a few hundred feet above the present level, the river would have 
encountered the more resistant Weverton sandstone. It is the writer’s 
theory that the broad area of hilltops above Point of Rocks, now 
at about 500 to 560 feet, has descended from a flat local base level, 
formed when the river was cutting across Catoctin Mountain in the 
Weverton sandstone. The difference in resistance is shown by the 
difference in elevation of the mountain, 580 feet just north of the 
river (at 220 feet), where the Weverton is absent, and 1,100 feet a 
little farther north where the Weverton is present. 

Above this point the hilltops over a broad area are at 500-560 feet. 
Below the Point of Rocks, the Potomac Valley and its tributaries, 
as in Monocacy River valley, have hilltops near the river at 520 to 
340 feet, as though lowering had continued below Point of Rocks, 
while being delayed above. 


One peneplane or more.—There still remains the question: Are all 
these surfaces, high as well as low, descended from one peneplane (the 
Schooley), or is there evidence that the lower surfaces have descended 
from a younger and lower peneplane? 

One naturally looks for that evidence in the adjoining Piedmont 
Highland and the Coastal Plain. That area presents abundant evi- 
dence of recent crustal movements, or of changes in sea level. The 
drowned valleys of the Hudson, the Delaware, and the Chesapeake, 
and the suboceanic channels that cross the continental shelf are evi- 
dence of recent subsidence. The presence of the Cape May-Talbot 
terrace formation and others is evidence of recent uplift of areas 
previously submerged. It would be assumed that, if the lower surfaces 
of the Appalachian region reflect one or more lower peneplanes, these 
peneplanes would have been associated with periods of coastal de- 
pression, during which the seashore would be the zero line from which 
the peneplane extended inland. 

There has been much difference of opinion as to the number and 
character of the coastal deposits to be found on or adjoining the edge 
of the Piedmont Highland, against which the coastal plain abuts. 
One school of thought has assumed that recent uplift has involved 
little or no deformation and that there are as many peneplanes as 
there are deposits at different elevations. The other school interprets 
most of the deposits as lying on deformed surfaces, and identifies only 
three deposits. There are at least that number. Passing over the 
Princess Anne and Pamlico terraces at 12 and 25 feet respectively, 
there is general agreement on the Cape May or Talbot formation 
at about 40 feet. Above that, some geologists recognize the Penhol- 
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oway at 70 feet, the Wicomoco at 100 feet, the Sunderland at 170 feet, 
the Coharie at 215 feet, the Brandywine at 270 feet. 

Others find above the Cape May, only the Pensauken, of which the 
base at Philadelphia is at or below sea level—at Trenton, about 40 
feet above sea level—which rises to about 180 feet on the flank of 
the Piedmont Highland. Above that, confined to interstream divides, 
is the Bryn Mawr formation, which seems to have been removed from 
below 200 feet and above 500 feet. Its base rises with the rise of the 
Piedmont Highland surface (Schooley Peneplane trace) to about 500 
feet. Granting that each of these deposits was laid down close to, 
either above or below, a shore line at the time of its deposition, it is 
highly probable that such shore lines may have served as base levels 
back of which peneplanes were formed. 

The Cape May contains a warm-climate flora and is commonly 
assigned to a time between the Illinoian and the Wisconsin ice advances 
(Sangamon time). The Pensauken also contains plants which suggest 
an interglacial or preglacial age. The Pensauken lies on a surface 
on which Jerseyan (Kansan?) deposits occur, and which is apparently 
older than the Jerseyan glacial advance. As deformed today, its 
base rises from 40 feet at Trenton to 200 feet at Raven Rock, on 
Delaware River, a rise of 160 feet in 20 miles, or 8 feet to the mile. 
The top of the deposit has a rise of only half that, or 4 feet to the 
mile. In the Philadelphia area, the formation, as mapped, has a rise 
of from zero at the City Hall to 140 feet in Fairmount Park, 314 miles 
away, or 40 feet to the mile. Probably this high rise is owing to local 
warping. Is it possible that the Pensauken shore line could have been 
contemporaneous with one of the supposed younger peneplanes? 

Several of the rivers rise in the glacial area and flow south to the 
Coastal Plain and its deposits between terraces which are dated by 
outwash gravels from the later glacial advances. On the Susquehanna, 
Wisconsin outwash gravels form a terrace at about 40 feet above the 
river, and Illinoian gravels lie on a terrace at 60 to 100 feet above 
the river. On the Delaware at Riegelsville, both the Wisconsin and 
the Illinoian gravels are found within 50 feet of the river. If the 
channel of the Susquehanna has been lowered 60 feet since Illinoian 
time, it may be estimated to have been lowered from two to four 
times that amount since Jerseyan or pre-Kansas time. At that rate, 
the river bed at Harrisburg, now 300 feet high, should have been 
somewhere between 420 and 540 feet in Kansan time. 

Many measurements on the base of the Pensauken, as mapped, 
indicate a rise to the northwest of between 15 to 20 feet to the mile, 
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PART OF THE PENFIELD, PENNSYLVANIA, TOPOGRAPHIC MAP 


Showing by contrast the broad, nearly flat surface of Pottsville sandstone, at 2,500 
feet, in two anticlines, and between them in the syneline the highly eroded surface of 
the Allegheny and the Conemaugh formations at 1,600 to 1,800 feet. The two surfaces 
are believed to be parts of a single surface derived from an old peneplane, separated 
today as the result of differential erosion. 
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compared with 20 to 25 feet to the mile for the Bryn Mawr. If that 
rise were continued from Philadelphia to Kittatinny Mountain (60 
miles), the elevation of the surface on which the Pensauken was laid 
down would lie between 900 and 1,200 feet at that mountain. 

On the north flank of Hellam Hills, west of Marietta, iron-cemented 
gravel occurs at 750 feet. South of Mountville, west of Lancaster, 
gravel occurs in places at 430 feet. Scattered cobbles are found on 
hilltops near the river, up to 600 feet elevation, or more. Presum- 
ably, the scattered cobbles have come down from a deposit at some 
higher level, possibly from the same deposit as that now found at 
750 feet in Hellam Hills. That deposit is 45 miles from the mouth 
of the Susquehanna, a rise of 16+ feet per mile from sea level, at 
that point—an interesting fact, but hardly significant, except for 
speculation. If that same rate of rise continued northward, it would 
indicate a surface at 1,150 feet at Kittatinny Mountain—again inter- 
esting but not significant. 

Possibly, more significant would be a correlation of the gravel south 
of Mountville at 430 feet with a similar gravel at 340 feet, a mile 
north of the mouth of Conewago Creek, and similar gravel at 315 
feet, half a mile south of Blythedale, Maryland. These figures suggest 
the need for more detailed study. 

The Bryn Mawr gravels (Lafayette formation of old reports), as 
mapped across southeastern Pennsylvania and Maryland, are confined 
to uneroded divides on the south slope of the Piedmont Upland, at 
elevations between 200 feet and about 500 feet. The lower edge of 
the deposits appear to have been eroded before the laying down of 
the Pensauken. At the upper edge the base has the following eleva- 
tions: Chestnut Hill, 420; Bryn Mawr, 420; Broomall, 380; Grady- 
ville, 460; Elam, 420; Egg Hill, 442; Woodlawn, 470; Hockton, 400; 
Loch Raven, 480; Catonsville, 508; Burtonsville, 486; Washington, 
D. C., 400. 

Whether these deposits originally extended much higher up the 
divides is not known. It is probable that they did, as today in most 
places they are cut off at the north by topographically lower land. 
In several places the northern limit is on higher land than any for 
some distance to the north, as though the gravel had served to protect 
the underlying land and maintain its elevation. On its face, the 
evidence points toward the conclusion that the Bryn Mawr was origi- 
nally laid down on the submerged edge of the Schooley peneplane 
at a time when that peneplane was being depressed at the southeast 
and elevated to the north and west. If so, the Schooley peneplane 
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would seem to date only from late Pliocene time instead of Jurassic 
or Cretaceous time, if that be the proper age of the Bryn Mawr. 

As further evidence that the Schooley peneplane may be of late 
Pliocene age, and possibly only one or two million years old, may be 
cited conditions on the Allegheny Mountains in western Pennsylvania. 
Where these ridges are highest, their tops are commonly in Pocono 
sandstone, the overlying Pottsville sandstone having been stripped 
off. The absence of Pottsville on the higher parts of the ridges, while 
it caps the ridges where they are lower, suggests that it may have 
been stripped off before uplift of the peneplane. If so, the peneplane, 
if restored, would be only a few hundred feet above the present highest 
mountain tops. Assuming an erosional lowering of 100 feet to the 
million years, this would imply only a few million years, at the most, 
since the uplift of the peneplane. This conclusion is so at variance 
with the idea of 120 or more millions of years since that uplift, an 
idea still held by many, that it is presented as a working hypothesis 
for future study. 
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FOREWORD 


Some geological features worthy of note were observed in the course 
of oil explorations near Petaluma, in the foothill belt between the tide 
flats and alluvial plain of lower Petaluma Creek and the rugged area 
of Sonoma Mountain (Fig. 1, and the Petaluma and Santa Rosa sheets 
of the United States Geological Survey). Of particular interest are 
certain stratigraphic and fault features disclosed in mapping and in the 
study of cores from five wells drilled in the southeastern half of this 
belt, some 5 miles east of the town of Petaluma and 33 miles north of 
San Francisco. 

The area closely studied is small, but it discloses relationships char- 
acteristic of a much larger area in the central Coast Range, concerning 
which comparatively little has been published. Recognition of certain 
features here shown may help to lead to a clearer understanding of 
the relationships with the better known region of San Francisco Bay. 

The writers are particularly indebted to Mr. William Rand for assist- 
ance in the field; to Dr. Chester Stock for his study of the horse teeth 
found by Mr. Rand; to Mr. F. A. Johnson, who kindly made accessible 


* Manuscript received by the Secretary of the Society, August 31, 1934. 
(1487) 
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the results of extensive studies in, and adjacent to, this region; to 
Professor George D. Louderback for his keen interest in, and sugges- 
tions concerning, the problems discussed; and to the Shell Oil Company 
for permission to present this paper. 
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Ficure 1.—Inder map of the Petaluma district 


STRATIGRAPHY 
GENERAL STATEMENT 


The foothill belt east of Petaluma is underlain by Pliocene clays, 
sands, and gravels of the Petaluma formation (Pl. 127). These crop 
out along the axis of an irregular, faulted anticline which can be traced 
intermittently from the vicinity of Eureka School northwestward 
nearly to Penngrove (Santa Rosa sheet). The Lower Pliocene Peta- 
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luma exposures are bordered on the northeast by Middle Pliocene 
Sonoma volcanics; on the south, near Lakeville School, by a block of 
Jurassic(?) Franciscan rocks, which is interpreted as an upthrust fault 
wedge; and on the west by alluvium. They are directly underlain by 
the Tolay volcanics, a second and lower volcanic series of Lower 
Pliocene age, limited exposures of which occur on the northeast flank 
of the block of Franciscan rocks. In the Petaluma region these vol- 
canics may rest directly upon Franciscan. 


JURASSIC (?) 


The Franciscan rocks in the fault wedge, judging from the limited 
exposures, consist chiefly of serpentine and greenstone, thin-bedded 
radiolarian cherts, glaucophane-actinolite-garnet schists and quartz- 
mica schists, and lesser amounts of arkosic sandstone; a typical Fron. 
ciscan assemblage of rocks in the usual intricate structural relations 
common to the Franciscan. 


MIDDLE MIOCENE 


Monterey strata are not now represented in nearby outcrops. Pebbles 
of siliceous shale of types common in the Monterey occur, however, in 
the Upper Petaluma beds. The shape, size, and abundance of these 
suggest that, in Pliocene time at least, Monterey strata outcropped 
at no great distance from this locality. 

The presence here, at depth, of strata belonging to the Monterey 
group below the lower volcanic series is as yet undetermined. A deep 
test well on the Murphy Ranch, in the central part of the foothill 
belt, one mile east of Adobe Fort (Santa Rosa sheet), reached 6,385 
feet without encountering the base of the volcanics; in their small 
outcrop area east of Petaluma whatever normally lies below them is 
not exposed, the volcanics resting in fault contact against Franciscan. 

It is possible that oil and gas encountered in wells in the Petaluma 
district arose from underlying “Monterey” source horizons reaching 
their present position in the Pliocene through fractures in the inter- 
vening voleanic series. Judging from surface structural observations, 
many such fractures are probably now available. However, the occur- 
rence of oil and gas in the region can scarcely be considered as proof 
of the presence of concealed marine Monterey here. 

Near Point Reyes, Anderson ' recognized some 2,500 feet of Miocene 
strata, including organic and bituminous shales. In the Bay region, 


1F, M. Anderson: The geology of Point Reyes Peninsula, Univ. Calif. Publ., Dept. Geol. Bull., 
vol. 2, no. 5 (1899). 
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12 to 15 miles to the southeast, Lawson? reports thicknesses of some 
5,800 feet of sands and shales assigned to the Monterey group. Dick- 
erson * states that characteristic Monterey strata with an Arca mon- 
tereyana fauna occur in Carneros Creek, Napa quadrangle, 20 miles 
east of Petaluma. 

UPPER MIOCENE 


San Pablo strata are also unknown at Petaluma. If present, they 
must occur in the unknown interval below the Tolay volcanics. Dick- 
erson believed that the outcropping Petaluma beds represent a non- 
marine phase of the San Pablo, but from evidence detailed beyond it 
is clear that these beds and at least a portion of the underlying vol- 
canics are of Pliocene age. 

Inferences concerning this concealed interval in the Petaluma section 
require consideration of the known relationships in adjacent regions. 
Lawson ‘ described a section of 1,700 feet of marine San Pablo, on 
the shores of San Pablo Bay, noting that the sands are of a prominent 
blue color, and that in places they are admixed and interbedded with 
tuff. Osmont,® describing a Coast Range section through Petaluma, 
mentions soft blue to gray sandstone of “undoubted San Pablo age”’ 
shown as outcropping between Sonoma and Napa unconformably below 
Mark West (Sonoma) andesite. Osmont states that this is “really an 
impure andesitic tuff.” Such beds were cored at Petaluma in the 
voleanics herein designated as the Tolay series. Thus, the horizon 
referred to by Osmont may belong in the lower Tolay volcanics, or it 
may underlie them. 

In Solano County, one mile north of Goodyear and 20 miles east 
of Petaluma, light blue-gray sands containing a fauna of San Pablo 
affinities underlie with marked unconformity a thick series of basaltic 
and andesitic flows, tuffs, and volcanic breccias. Beds of green chert- 
pebble conglomerate and sandstone, which resemble the Orinda forma- 
tion of the Berkeley Hills region, are interbedded with the volcanics, 
a relationship duplicated lithologically in the cored sections at Peta- 
luma at the top of the Tolay volcanics. At the Solano locality rt is 
clear that the voleanics with interbedded sediments are Younger than, 
and rest unconformably upon, the San Pablo. 


2A. C. Lawson: San Francisco Folio, U. 8. Geol. Survey, Geologic Atlas, folio 193 (1914). 

$R. E. Dickerson: Tertiary and Quaternary history of the Petaluma, Point Reyes and Santa 
Rosa quadrangles, Calif. Acad. Sci., 4th ser., vol. 11, no. 19 (1922) p. 542. 

*A. C. Lawson: op. cit., p. 11. 

5 V. C. Osmont: A geologic section of the Coast Ranges north of the Bay of San Francisco, 
Univ. Calif. Publ., Dept. Geol. Bull., vol. 4, no. 3 (1904) p. 54. 

®T. L. Bailey: The geology of the Potrero Hills and Vacaville region, Solano County, California, 
Univ. Calif. Publ., Dept. Geol. Bull., vol. 19, no. 15 (1930) p. 330. 


: 
A 
& 


STRATIGRAPHY 1441 


LOWER PLIOCENE 


Tolay volcanics.—The Tolay voleanies, a hitherto unrecognized for- 
mation disclosed in the core-drilling at Petaluma, include a great 
thickness of flows, breccias, tuffs, and agglomerates. The upper few 
hundred feet of these appear at the surface in a small area west of 
Tolay Creek near Lakeville School (Petaluma sheet), where they 
conformably underlie the Petaluma formation. The well sections show 
that the voleanics grade upward into the Petaluma sediments through 
a zone of interbedding, so that the close link with strata believed to 
be of Lower Pliocene age is established. The base is not exposed in 
the outcrops, due to fault relations with the Franciscan, and the total 
thickness is unknown, the deepest well having failed to reach the base 
after penetrating these volcanics for more than 4,000 feet. 

This voleanic member is evidently one of considerable extent. It 
has been encountered in all the deeper test wells in the district. To 
the east, in Sonoma Valley, small areas of outcropping Petaluma beds 
clearly demonstrate a thinning of the Petaluma sediments in a north- 
east direction, and it seems likely that farther east the younger 
voleanics of the Sonoma series completely overlap the Petaluma beds 
and rest directly upon the Tolay volcanics of the well sections. Thus, 
two distinct and extensive volcanic members, as yet undifferentiated, 
may be present in the unstudied area east of Sonoma Valley. 

That the Tolay voleanics are of Lower Pliocene age is suggested at 
Petaluma by the interbedding at the top with sediments believed to 
be of Lower Pliocene age and by inference from relations in adjoining 
areas. Volcanics perhaps equivalent to these overlie the Monterey 
Miocene of Carneros Creek, previously referred to. Near Goodyear, 
Solano County, and again on the south side of the Potrero Hills nine 
miles northeast of Goodyear, chert-pebble conglomerates, resembling 
the Orinda and the Petaluma beds, are interbedded with pyroclastics 
and lavas showing strong dips of 30 to 60 degrees. The Pliocene age 
of these volcanics is established by their unconformable relation with 
the San Pablo near Goodyear, and by the presence of a Pliocene flora 7 
at their base in the Potrero Hills. Overlying the San Pablo of the 
Bay region is a section of stratified pumiceous Pinole tuff 1,000 feet 
thick, described by Lawson, who notes that it is interbedded with 
the basal beds of the Orinda and “therefore appears to have been asso- 
ciated in its deposition with the Orinda rather than with the San 
Pablo.” * Both Pinole and Orinda contain an early Pliocene vertebrate 
fauna. 


7 Op. cit., p. 329. 
8 A. C. Lawson: op. cit., p. 13. 
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A complete description of the Tolay volcanics is impossible, as they 
are not here fully exposed, and the scattered samples available from 
intermittent coring are inadequate. Their general character is indi- 
cated by the following notes, based on samples from the deep Murphy 
well at Petaluma. The petrographic determinations given are tentative 
and subject to possible modification after more detailed study. 


Core samples of Tolay volcanics—well, Murphy No. 1 


Depth interval 
of sample, 
feet Petrographie character 
2200-2223 Ostracod shale with coarse volcanic sand at base (Base of Transition 


Zone). 

2223-2286 Weathered basalt or andesite. 

2286-2306 Andesitic tuff. Greenish-gray, friable, fine-grained, with fragments of 
altered augite and basic andesine feldspar. 

2306-2310 Olivine basalt breccia. Small blocks and lapilli of red-brown altered 
basalt or basaltic tuff, in matrix of brown to green-gray basaltic tuff. 
(Olivine, augite, labradorite feldspar. Calcite veinlets common.) 

2377-2387 Andesite breccia. Hard, brownish-green, glassy andesite, in matrix of 
greenish, fine crystal-lithic tuff. Large lapilli and flattish angular 
fragments of microcrystalline andesite and banded and bentonized 
glass showing flow structure. 

2393-2436 Fine andesitic crystal-lithic tuff (green augite, andesine feldspar, large 
lapilli) and coarser breccia with chips of brownish glass (similar to 
glass at 2377) and one fragment suggesting silicified dacite or rhyolite 
breccia. 

2436-2457 Trachy-andesite or latite tuff. Light gray, fine, vitric tuff and breccia. 
Coarse lapilli; whitish sandy tuff matrix, with fragments of gray- 
brown translucent bentonite(?) (6 =1.52+), white altered pumice, 
reddish andesite. Matrix chiefly altered glass shards (n=1.495+ 
.003) with much secondary chalcedony and opal. Crushed pumice 
lapilli show glass (n = 1.505 or less); plagioclase (oligoclase-andesine) 
slightly more abundant than orthoclase. No quartz or dark acces- 
sories found. In lower 5 feet, waxy, sectile, semi-translucent ben- 
tonite(?) (n=+1.60) is common. 

2457-2477. Brown-gray andesite breccia with sand-tuff matrix. 

2480-2486 Vesicular augite andesite with chalcedony in larger vesicles (flow). 

2489-2494 Basic augite andesite or acidic basalt. Gray, vesicular, porphyritic. 
Strongly zoned feldspar (basic andesine to acid labradorite) with 
augite chief accessory. ” 

2565-2605 Augite andesite tuff, as in interval 2418-2436. 

2617-2637 Fairly coarse augite andesite (or acid basalt) breccia. 

2682-2782 Green-gray to black olivine basalt and augite basalt in part vesicular. 

2801-2812 Gray, vesicular, porphyritic augite andesite. 

2824-2903 Basalt. Gray and purple, very vesicular. 

2907-2920 Augite andesite (like 2489). Coarsely porphyritic, and scattered 
large amygdules of chalcedony and natrolite(?). Good flow structure. 

2929-2934 Basalt or basalt breccia. Dark gray to purple. Porphyritic. 

2951-2962 Basalt. Hard, gray to red, non-vesicular, porphyritic (labradorite, 

altered augite). 
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Core samples of Tolay volcanics—well, Murphy No. 1 (continued) 


Depth interval 
of sample, 
feet Petrographic character 


2987-2994 Vesicular augite andesite (or acid basalt). 

3000-3005 Black vesicular olivine basalt. 

3011-3016 Porphyritic augite andesite. 

3039-3078 Black vesicular basalt, olivine basalt, and basalt breccia. 

3080-3083 Blue-gray augite andesite. 

3093-3096 Green to black vesicular porphyritic basalt. 

3106-3112 Gray to purple augite andesite. 

3116-4185 Basalt. Alternating breccias and flows, in part highly vesicular and 
altered, in part dense and porphyritic. Feldspar chiefly labradorite; 
chief accessory, augite. Colors black, dark green, purple, gray, 
greenish-gray, and red. 

4334-4533 Acid volcanic breccia and agglomerate. Angular pinkish to red frag- 
ments of trachyte (latite?) in matrix of green trachytic(?) tuff. 
Feldspars chiefly sanidine and orthoclase, minor andesine, augite. 
No quartz visible but groundmass shows (n) above 1.530. Thus, 
true rhyolite or dacite may be represented here. 

5939-5942 Dacite. Green-gray to white lava. Numerous slender oligoclase 
laths and scattering of larger altered oligoclase phenocrysts, with 
irregular green chloritic spots (pyroxene or hornblende) in ground- 
mass of altered glass. Few quartz phenocrysts. 

5962-5964 Dacite porphyry. Green-gray, richly porphyritic. Equant pheno- 
crysts of quartz and feldspar. (Oligoclase, coarse albite twins. 
B=1.541; quartz less common than feldspar, but frequent. All 
ferro-magnesian accessories altered to chlorite.) 

Base not reached. 


This rough review of the well samples shows that, in a general way, 
the Tolay volcanics are acidic below, basaltic in the middle, andesitic 
above, and terminate with extensive deposits of pyroclastic material, 
which, at the top, are interbedded with the lowermost Petaluma shales. 


These broad divisions may be summarized thus: 
Feet 


Petaluma Pliocene beds with interbedded volcanics at base, followed by 
Tolay Volcanics 
Upper Pyroclastic Member: Andesitic and trachy-andesitic tuffs 
up to 80 feet thick, alternating with thin flows and breccias of 
vesicular andesite and very minor basalt................... 
Andesitic and basaltic lavas rapidly alternating, individual mem- 
bers ranging from a few feet to perhaps 100 feet in thickness. 
Basaltic lavas and breccias, in part vesicular and altered, in part 
Lower Acidic Member: Tuffs, agglomerates, and breccias above; 
dense glassy to microcrystalline and porphyritic lavas below. 
All of trachytic, dacitic, or rhyolitic (?) composition. Repre- 
sented only by four core samples in interval 4334-5964. 


Base not reached. 
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Thicknesses shown are based on well depths. As occasional clues 
from flow structure and attitude of fragments show no great depar- 
tures from horizontal, the order of magnitude is probably correctly 
indicated. 


Petaluma beds.—In the area studied, the “Petaluma beds” are litho- 
logically divisible into (1) Lower Petaluma ostracod shales and thin 
sands; and (2) Upper Petaluma clays, sands, and gravels. The total 
thickness in this vicinity is about 4,000 feet, of which approximately 
half has been removed by erosion from the crest of the Petaluma 
anticline. 

The Lower Petaluma, 500 to 600 feet in thickness, consists chiefly 
of laminated, dark clay shales. At several horizons there is an abun- 
dance of smooth-valved ostracods and fish debris. Thin beds of gray 
limestone occur locally interbedded with the shale. One of these near 
the top of the member crops out in a road-cut, 2,000 feet northeast 
of Lakeville School, w. re the limestone contains good leaf impres- 
sions. A thin oolitic limestone was recognized in cores at or close to 
the base in several of the wells. In one well a core of ostracod-rich 
shale, 300 feet above the base of the Petaluma, contained crushed 
remains of a pelecypod resembling Monta (Pododesmus). 

The fish remains, ostracods, and shell fragments, together with the 
regularity of the sorting and lamination and the prevailing dark colors 
of the Lower Petaluma sediments, suggest an estuarine or lagoonal 
origin. Muds of similar character are accumulating today along Peta- 
luma slough and other marshy shores of San Francisco Bay. The 
conformable and transitional relations with the overlying Lower Plio- 
cene Upper Petaluma beds, together with the fact that these members 
together clearly constitute a single stratigraphic unit, indicate a Lower 
Pliocene age for these sediments. 

The transitional character of the lower limits of this member was 
clearly disclosed by the coring operations in the foothill belt. 


Slightly generalized core-section in the foothill belt Well thick- 
ness, feet 
Upper Petaluma clays, sands, and gravels, with oil and gas zone at base.. 1600 
Lower Petaluma 
a. Alternating dark silts and thin fine sands, with occasional streaks 
of gravel. Sandy silts predominate...................0.00005 214-290 
c. Platy gray to black shale, with thin streaks of gray sand. In 
part, carbonaceous. Charcoal. Lignite seams up to 6 inches. 
Ostracods and fish scales and bones, becoming abundant in 
lower half. In places, partings are almost solid layers of 
ostracod shells and fish debris.................2-.000eeeeee 250-254 
d. Hard oolitic limestone. Oil in fractures.....................4- 1- 4 
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Slightly generalized core-section in the foothill belt (continued) 


Well thick- 
ness, feet 
Transition zone 
Alternating volcanics and ostracod shales......................5- 122-168 
Tolay volcanics 
Main body of tuffs, agglomerates, and flows...................... 4162 


The evidence of the transition at the base of the Petaluma deserves 
emphasis. That this represents an alternation of periods of volcanic 
activity and of normal, quiet sedimentation in water abounding in 
life is clear from these cores. No local structural complexity is 
involved, since in each of six scattered wells in the foothill belt the 
condition is repeated. 

The Upper Petaluma consists chiefly of poorly stratified clays with 
thick lenses of ill-sorted sands and gravels. The characteristic gray- 
green clays are only indistinctly bedded. Faint wavy laminations 
appear in the more sandy facies, and seams and irregular concretions 
of chalky calcite occur, passing into marls. Locally the clays contain 
fresh-water Planorbis and Lymnaea in abundance. 

Irregular lenses of sands, ranging up to 200 feet in thickness, are 
common. The sands are usually greenish-gray and intricately cross- 
bedded. They often grade laterally into gravels, and small nests of 
gravel and scattered boulders are common throughout. The grains are 
prevailingly subangular and consist chiefly of Franciscan detritus. 
By rough estimate, green and gray Franciscan chert grains are judged 
to make up around 75 per cent, together with 3 to 5 per cent of epidote, 
chlorite, and serpentine. The remaining portion of the average sample 
includes quartz, feldspar, and fragments of schist, and volcanics, the 
latter apparently representing both Franciscan and Tertiary types. 

Gravels of this member show most of the above described charac- 
teristics of the sands, including the predominance of Franciscan-derived 
material. Pebbles of siliceous shale of Monterey type are common in 
the upper part of this member, and these show evidence of less attrition. 
Silicified wood in angular chunks occurs frequently, and thin streaks 
of carbonized plant remains are common. 

Vitric tuff, now considerably bentonized, with numerous lapilli, 
occurs in a bed, 25 feet thick, in the Upper Petaluma. This tuff bed 
is exposed near Adobe Fort, and again about one mile southeast of 
Lakeville School. 

The lithologic characteristics indicate a fluviatile or lacustrine origin 
for these sediments, grading at the base into beds of estuarine char- 
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acter represented by the Lower Petaluma. The existence in Lower 
Pliocene time of a drainage area in this region, in which Franciscan, 
and somewhat later, Monterey rocks comprised the greater portion of 
the outcrops seems clearly indicated. 


Well section showing lithologic character of concealed portion of the Upper 
Petaluma section in the central foothill belt 


Well 
thickness, 
Upper Petaluma feet 
a. Gray-green soapy clay, with thin bedded fine sandstone......... 72 
b. Coarse gray sand and gravel. Well-rounded pebbles of Franciscan 
type up to 2 inches; poorly sorted; streaks of pebbly brown 
c. Alternating gray sand, green silty sand, hard pebbly sand and 
d. Same as c, with thin members of red clay, or streaked and mottled 
e. Gray sand with conglomerate of Franciscan pebbles at base...... 9 
jf. Blue and chocolate streaked and mottled clay................. 47 
g. Oil and gas zone 
1. Medium to fine, clean gray gas sand.................+.05- 76 
2. Dark blue clay, with one thin layer of abundant fragile 
3. Coarse, evenly bedded, laminated oil sand................ 13 
4. Ostracod-fish scale shale. Dark, platy, partings entirely 
covered with thin shells and fish debris................. 11 
5. Coarse, firm, laminated ofl sand. 1 
6. Dark shale with 3 inches hard ostracod shell reef........... 6 
7. Coarse brown sand and gravel, with hard streaks of Francis- 
can pebble conglomerate. Oil and gas................. 47 


Lower Petaluma beginning with 16 feet of ostracod shale. (See above) 


This well is 4.2 miles northeast of Petaluma. It started at some 
depth in the Upper Petaluma beds. Dips in cores are distinctly vari- 
able, up to 40 degrees, plus or minus, and thicknesses shown are not 
precise. 

In the above sections, grouping of strata for descriptive purposes 
is somewhat arbitrary. Individual lithologic members ine the Upper 
Petaluma were not readily traced from well to well, and in the outcrops 
they seldom persist far as such. Since better markers occur toward 
the base of the Petaluma, clese correlation in the upper part was not 
attempted. The sections shown above are merely to illustrate litho- 
logical details of the sediments penetrated below outcropping horizons. 

The division between Upper and Lower Petaluma was, for practical 
purposes, arbitrarily placed at the base of the distinctive sand and 
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gravel member which, in certain parts of the district, carries oil and 
gas. The changes in lithology occur gradually, however, and begin 
some distance above this sandy zone. 

Two well-preserved horse teeth and a few fragments of mineralized 
bone were found during the course of the present work.® Their horizon 
is clearly within the Upper Petaluma member. Chester Stock kindly 
examined these teeth and identified them as premolars of Neohipparion 
sp., closely related to a species from the Thousand Creek Middle and 
Lower Pliocene of northwestern Nevada, and possibly N. gidleyi.2° 
This find reopens a question of correlation of major importance. 

Twenty years ago, Osmont reported Neohipparion sp., now known 
as N. gidleyi, from these beds and correlated them with the Orindan: 


“,.. five miles east of Petaluma, on Lawlor’s Ranch, is a small bed of lignite 
in apparently the same strata. The beds are folded at angles up to 45°, and lie 
unconformably beneath the Mark West andesite. A few indeterminable shells 
of fresh-water appearance, and several horse teeth have been found.” 14 


These teeth were submitted to Gidley, who concluded that they belong 
to a genus more primitive than Equus, but a very advanced stage for 
a Miocene form. Some years later, Merriam described the new species 
as Neohipparion gidleyi: 

“probably from a stratum just below the coal seam at a mine on the Lawlor 


Ranch, six miles east of Petaluma, California. The formation has been doubt- 
fully referred to the San Pablo Miocene, but may represent a later period.” 12 


As to the horizon of this find, Osmont was quite specific: 


“,.. at the lignite beds on Lawlor’s Ranch horse teeth of late Miocene or 
early Pliocene age have been found, and imperfect casts of fresh-water shells. 

“Andesite intervenes between these beds and the Sonoma Tuff, and rests uncon- 
formably across the eroded edges of their strata. Hence they are considerably 
older than the tuff, and, as will be shown later, the latter is probably not later 
than early Merced. These beds are, therefore, referred tentatively to the 
Orindan. . . .” 18 


Concerning the Orindan, Osmont stated: 


“Tn its gravels certain vertebrate remains have been found by Lawson, Merriam 
and Sinclair, the most important of which are horse teeth. These were referred 
to Dr. Gidley, who reports upon them as follows: 


®These were imbedded in the steeply dipping, light gray, sandy clays outcropping in the 
west bank of a gulch 1,000 feet N. 68° E. from the Witt-Decker No. 2 oil well and 8,400 feet 
due east from Adobe Fort, Santa Rosa quadrangle. 

20 Oral communication. 

1V. C. Osmont: op. cit., p. 57. 

12 J. C. Merriam: New species of the Hipparion group from the Pacific Coast and Great Basin 
provinces of North America, Univ. Calif. Publ., Dept. Geol. Bull., vol. 9, no. 1 (1915) p. 1. 

18V. C. Osmont: op. cit., p. 58. The italics are the present authors’. 
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“‘Number 1824 is a very interesting tooth as it is indistinguishable from Hip- 
parion richthofeni, a species from Eastern China. It is possible it may represent 
a species of true Hipparion. Number 1323 is an upper molar of a smaller species, 
probably Neohipparion.’ Hipparion richthofenit is reported from the lower 
Pliocene. 

“The above evidence points to these gravels being of late Miocene or early 
Pliocene age. . . .” 14 


Noting that below the Orindan, in the Pinole tuff horizon of the 
Rodeo syncline, horse teeth which Merriam believed could not be older 
than Pliocene were found, Osmont concluded as follows: 


“Proceeding on this assumption . . . the writer correlates the fresh-water 
deposits beneath the Mark West andesite on the eastern side of Santa Rosa 
Valley with the Orindan.” 


Lawson’s description of the Orinda formation, appearing ten years 
later, follows in part: 


“The (Orinda) formation . . . consists of a thick accumulation of fresh-water 
beds comprising (1) conglomerates that include waterworn polygenous pebbles, 
few larger than a man’s fist, and in places strongly cemented; (2) light-colored 
sandstone; (3) blue, gray and brown clay shales; (4) limestones; (5) some thin 
seams of lignite; and (6), at a few horizons, thin layers of brown decomposed 
volcanic tuff. Farther east, in the Mount Diablo quadrangle, the formation 
includes a few beds of pumiceous tuff similar to the Pinole tuff, in its lower part. 
Fresh-water ostraeodes are found at certain horizons in the clay shale and the 
sandstone. The limestone is of two kinds. Certain beds are made up wholly 
of remains of ostracodes; in others the rock is dense or compact, is light gray 
or bluish in color, and, instead of ostracodes, contains fresh-water mollusks, such 
as Limnaea, Physa, and Planorbis. 

“The Orinda formation can with confidence be assigned to the Pliocene epoch, 
for it lies stratigraphically above the Pinole tuff, which is Pliocene.” 15 


A better description of the Petaluma formation could scarcely be 
given than in Lawson’s words describing the Orinda. The stratigraphic 
sequence is roughly similar. Neohipparion is found in each. 

A position low in the Pliocene is further shown by Louderback’s 
discovery, in 1921, of Hipparion in the Siesta of the Berkeley Hills, 
concerning which Stock wrote: 


“The tooth from the Berkeley Hills suggests again that the horses occurring 
in the Orindan and Siestan deposits are related to forms found in the lower 
Pliocene of California and are near to types known from the Ricardo beds of the 
Mohave Desert.” 16 


4 Op. cit., p. 75. 

% A. C. Lawson: op. cit., p. 13. 

16 Chester Stock: Note on an Hipparion tooth from the Siestan deposits of the Berkeley Hills, 
California, Univ. Calif. Publ., Dept. Geol. Bull., vol. 13, no. 3 (1921). 
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The Siesta sediments from which this tooth came belong to the Berkeley 
group, which unmistakably overlies the Orinda in the limited sense 
in which this term was used in the division of the Pliocene section 
of the Berkeley Hills by Lawson. The Orinda in its broader sense, 
as recognized in the Mount Diablo region, probably includes the 
equivalent of these beds. The evidence now at hand thus strongly 
indicates that the Petaluma and the Orinda, in its broader sense, are 
equivalents and of Lower Pliocene age. 

This correlation coincides with Osmont’s views of 1904. There are 
two ad interim suggestions to be considered. Lawson recognized a 
disturbing dilemma. The mammalian remains indicate older Pliocene, 
and, therefore, that the Orinda antedates the Merced; while other 
considerations led Lawson to suggest that the Merced-Sonoma horizon 
is probably identical with the Pinole tuff, which underlies the Orinda 
at Rodeo.’? The suggestion of equivalence of Sonoma and Pinole was, 
however, uncertain and, in view of present strong evidence that the 
Sonoma is considerably younger, becomes untenable. The uncon- 
formity (involving as much as a 60-degree difference in dip) at the 
base of the Sonoma voleanics is unmistakable. These are clearly con- 
siderably younger than the underlying Petaluma beds. On the other 
hand, the Pinole of the Bay region clearly underlies or is interbedded 
with the Orinda. 

The second conflicting interpretation appeared in 1922, when Dicker- 
son assumed that the Neohipparion gidleyi horizon of Osmont belonged 
in the Sonoma tuff; interpreted the Petaluma formation as occurring 
unconformably below the Sonoma as a fresh- or brackish-water phase 
of the marine San Pablo; and again suggested the equivalence of 
Merced-Sonoma and Pinole. The improbability of the latter has been 
pointed out above. 

Dickerson’s assumption diverges sharply from Osmont’s own state- 
ments concerning the horizon in which he found the horse teeth. 
Osmont indicated clearly that they came from strongly dipping Peta- 
luma beds lying unconformably below tuff and andesite of the Sonoma 
voleanics. Various locations later ascribed to this discovery all fall 
within the area of outcrop of the Petaluma beds, or just east of the 
contact with the overlying Sonoma, where a shallow shaft should pene- 
trate the Petaluma beds. The occurrence of this form in the Petaluma 
beds has been confirmed by the present writers, who entertain no doubts 
as to the accuracy of Osmont’s statements. They are certain that 
Neohipparion cf. gidleyi occurs in the Petaluma formation, and feel 


17 A, C. Lawson: op. cit., p. 13. 
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that the possibility of correlating the Petaluma with the San Pablo, 
or the Sonoma with the Pinole, now disappears completely. 


UPPER MIDDLE PLIOCENE 


The Sonoma volcanics overlie the Upper Petaluma with pronounced 
angular unconformity, clearly evident along the south base of Sonoma 
Mountain, where the volcanics, with gentle dips, rest across the trun- 
cated edges of Upper Petaluma beds with strong dips. From scattered 
outliers now visible it is evident that these volcanics once covered the 
South Petaluma area and rested directly upon the Franciscan of the 
fault wedge near Lakeville School. Johnson ** concludes that the 
volcanics resting on the Franciscan south and west of Petaluma repre- 
sent the Sonoma. It is evident that these volcanics were of wide extent 
and are much younger than those of the Tolay member. 

In the region studied, a dark soil-like layer immediately above the 
Petaluma locally marks the base of the Sonoma and rests upon an 
irregular channeled erosion surface. Above occurs an irregular bed 
of subangular conglomerate consisting of voleanic pebbles with a 
reddish lateritic matrix. This basal member is not everywhere present. 
In some localities, flat beds of white tuff rest upon the steeply dipping 
Petaluma strata. A succession of interbedded lavas, breccias, agglom- 
erates, and pumiceous and glassy tuffs follows, none of which has 
been carefully examined by the writers. 

Johnson places the Sonoma volcanics in the Middle Pliocene, based 
upon their relationship to the marine Merced, the age of which is 
determined by invertebrate fossil evidence. In the Petaluma area the 
contact surface between the Sonoma and the Petaluma rocks is, except 
locally near faults, only gently folded or comparatively undisturbed. 
The strongly folded Petaluma beds below this unconformity are, as 
above indicated, believed to be of Lower Pliocene age. Thus, a period 
of folding and extensive erosion is indicated here between the Lower 
and the Middle Pliocene. 

This is particularly interesting in view of the fact that in many 
other parts of the State, notably in Southern California, no break of 
similar magnitude in the later history is found until well up in the 
Pleistocene (post-Lower San Pedro). Accurate dating of the lost 
interval in the Petaluma region requires positive evidence as to the 
age of the Sonoma volcanics. The evidence worked out by Johnson 
seems clearly to indicate that the volcanics are equivalent to a portion 
of the marine Merced. The invertebrate evidence of mid-Pliocene age 


1%8F, A. Johnson in doctor’s dissertation, Univ. Calif. (1934). 
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of the latter seems to be currently accepted by many, though certain 
micropaleontological data are yet to be brought into line with this 
view. For the purposes of the present discussion the writers have con- 
sidered the Sonoma as definitely of post-Lower Pliocene age, and 
probably equivalent to the Merced. 


STRUCTURE 


The Franciscan block is limited on the northeast by the Tolay fault, 
a steep reverse fault dipping around 60 degrees southwest, along which 
Petaluma beds and a tapering belt of the underlying volcanics strike 


x. | 


» Franciscan 
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Fiaurgs 2.—Sketch showing Franciscan wedge forced upward between steep faults 


sharply into the fault block (Pl. 127). At the northwest the block 
ends abruptly against down-faulted Petaluma strata. On the south- 
west, alluvium and Petaluma beds limit the Franciscan outcrops. Here 
the nature of the contact is usually less clear, but near Lakeville School, 
local Petaluma marker beds can be seen trending directly into the 
Franciscan and terminating against a sharp fault contact which is here 
clearly a reverse fault, dipping steeply northward—the Lakeville fault. 
Thus, in the area studied, the near-surface shape of this Franciscan 
mass is that of a wedge forced upward on steeply inclined faults in the 
Pliocene, and tapering downward and broken by small cross-faults, 
somewhat in the manner shown in the sketch (Fig. 2). 

In this area the block has a maximum width of 3,000 feet. It was 
traced for a distance of 214 miles to the southeast. G. A. Macready 
(unpublished report) has traced this narrow belt of Franciscan, with 
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its limiting Tolay fault, for an additional distance of some 61% miles, 
to Sears Point on San Francisco Bay. Along this course the nature 
of the contact on the southwest flank is in some doubt, and near 
the Bay may be in part depositional. Careful study here, requiring 
excavation at frequent intervals, might show that this long strip is 
throughout, as at Petaluma, a narrow upthrust block bounded by 
steep reverse faults, suggesting diapir structure. Reed mentions 
this type of structure elsewhere in Coast Range areas of Franciscan 
basement. 

The Tolay fault is an important structural feature. Assuming that 
the known section of over 4,000 feet of Tolay volcanics normally rests 
directly upon the Franciscan here, the northeast component of this 
thrust, the dip-slip, in the Lakeville locality cannot be less than 4,500 
feet. The less understood Lakeville fault may also be an important 
structural feature. 

The axes of the folds in the Petaluma beds are faulted, disconnected, 
and difficult to trace, due in part to frequent structural offsets, in part 
to lack of good marker beds and to concealed and slumping outcrops. 
It is clear, however, that northeast of the Franciscan wedge a rather 
gentle open syncline, with short minor flexures, is followed in turn by 
an anticlinal uplift, the axis of which, now offset frequently in its 
course across several fault blocks, extends northwest from Eureka 
School for a distance of four to five miles, beyond which it was not 
traced. A small domed area, now complexly faulted, evidently was 
formed in the vicinity of the Murphy and Ducker wells east of Adobe 
Fort. It is difficult to restore the pre-faulting shape of this structure. 
This was evidently a rather narrow fold, with moderate to strong 
dips, probably asymmetric, with the northeast limb the steeper. A 
short distance beyond the axis the unconformably overlying blanket 
of less folded Sonoma voleanics leaves little but conjecture concerning 
the structure of the Petaluma farther northeast. 

The network of faults shown on Plate 127 is necessarily schematic 
in part. The Pliocene clays produce a terrane over which continuous 
tracing of weak faults is expensive, difficult, and sometimes impossible. 
Nevertheless, from the study of a mass of evidence too detailed for 
more than summary treatment here, the writers are confident that 
the fault pattern shown is real and includes all the important faults. 

Fifty-two definitely recognizable faults (Pl. 127) occur in the 
limited area of 7,300 acres (11 square miles) closely studied. Two 
of these—steep thrusts along the Franciscan wedge—have already been 


#R. D. Reed: Geology of California. Am. Asso. Petr. Geol. (1933) p. 47. 
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mentioned. The remaining fifty may be classed as comparatively 
minor faults of small displacement, inconspicuous, and hard to trace 
without trenching. On many the dip is uncertain, but the strike and 
the relative displacements are known in nearly every case. Nine of 
these are clearly normal faults, dipping 65 to 80 degrees. Only one is 
known for certain as not normal at the surface, and as it dips 86 
degrees in the outcrop it is not an important exception. All are 
believed to be steep tension faults. Twenty-six are classed as master 
faults, and 24 as minor. 

A study of the trends, age relations, and relative movements on these 
faults shows that there are two distinct sets of master faults. Thirteen 
belong to an older northwest-trending set, and an equal number to a 
northeast-trending set, in part at least younger. Of the 24 classed as 
minor faults, 6 are not well understood and may be poorly exposed 
segments of the older set; 18 are obviously little more than fractures, 
breaking at various angles across the fault blocks delineated by the 
younger master faults. These will not be considered further. 

The older master faults are crossed and offset by the younger. The 
average strike is N. 51° W., with a maximum strike variation of only 
43 degrees, nine, or 60 per cent, falling within a strike range of 10 
degrees. In ground plan (PI. 127) these faults mark an evidently once 
continuous belt of narrow horsts and graben, now broken and dis- 
connected by the movements on the younger faults, extending north- 
westerly through the area north of the axis of the Petaluma anticline. 
However, as six of the faults here classed as minor, occurring in the 
s¥nclinal belt of poor exposures, belong in this group, judging from 
their strikes alone, it seems likely that this set of older master faults 
is not restricted to the anticlinal belt. 

The younger master faults have an average trend of N. 45° E., or, 
if one omits five along the Franciscan wedge, where a tendency to 
a slightly more easterly course prevails, the average is N. 35° E. They 
range through 45 degrees of strike. The angle of intersection between 
the average strikes of the two master sets is practically 90 degrees. 
The younger set, like the older, is best displayed, because of the better 
outcrops, along the north flank of the anticline, where they determine 
a series of seven fault blocks, as shown in Plate 127. From the relative 
displacements it is seen that these blocks include a pair of narrow 
graben alternating with horst blocks, at the east, followed by three 
more blocks, each tilted to the eastward. Four of the seven blocks 
clearly break across and offset the blocks of the earlier fracture system ; 
the others probably do. Again, the reappearance of faults of like 


r 

. 

r 

) 


1454 R. R. MORSE, T. L. BAILEY—THE PETALUMA DISTRICT 


relations in the southwestern part of the area shows that the faults of 
this set are not restricted to the anticlinal belt nor to the northern 
margin of the area. 

The fault-wedge structure of the Franciscan block and the folding 
of the Pliocene strata clearly antedate the development of these tension 
faults. It is evident that the regional stresses responsible for the 
former were no longer dominant when the master faults, delimiting 
the graben, horsts, and tilted blocks, were developing. The latter affect 
the Sonoma volcanics as well as the older formations. Small outliers 
of slightly disturbed Sonoma rocks rest directly upon the Franciscan 
wedge. Furthermore, according to Johnson’s observations, undisturbed 
or only gently folded Merced-Sonoma strata rest directly upon Fran- 
ciscan over a wide area to the northwest. Any presumption that 
the Sonoma formation was included in the 4,500 feet or more displace- 
ment involved in the thrust movements along the wedge is thus elim- 
inated. The slight folding of the Sonoma, and the strong folding in 
the Petaluma beds lying unconformably below, show clearly that the 
period of strong folding had also terminated before Sonoma time. 

From what has been outlined in this discussion one may deduce the 
following sequence of events in Pliocene and later time: 


(1) Early Pliocene volcanic activity; accumulation of 4,000 feet, 
plus, of Tolay voleanics. Followed by: 

(2) Accumulation of 4,000 feet, plus or minus, of Petaluma Pliocene 
(Orinda) sediments, chiefly non-marine. 

(3) Emplacement of Franciscan wedge and folding in the Petaluma 
sediments. These may have occurred at about the same time. Both 
terminated prior to 

(4) Middle Pliocene volcanic activity; accumulation of Sonoma 
volcanics. 

(5) Fracturing and irregular settling on older master (northwest) 
faults, cutting Petaluma and Sonoma rocks. 

(6) Fracturing and development of graben, horsts, and tilted blocks 
along younger master (northeast) faults, events (5) and (6) possibly 
overlapping. 


It would thus appear that since Middle Pliocene time the rocks of 
this immediate area have reacted chiefly to tensional stresses. The 
character of the faulting, considered in connection with the great 
outpouring of lavas which has occurred in this general region, suggests 
that these phenomena may be related, and that the condition was 
probably regional and not local. 
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f This point is of particular interest in view of a recent suggestion 
) that the Mount Diablo overthrust passes through this district and is 
represented by the Sonoma-Petaluma contact surface. In view of the 
evidence as here interpreted, this suggestion cannot be accepted. No 
such fault has been found in the area. The contact in question is 
clearly depositional. The only strong faults found which might pos- 
sibly be due to regional compressive stresses are those bounding the 
Franciscan wedge. These seem to be entirely different in character, 
origin, and age from the Mount Diablo overthrust. Stresses of the 
type required by the hypothesis do not seem to have operated here 
since the time of outpouring of the Sonoma volcanics. 
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INTRODUCTION 


The concentration of tin deposits at the summits of small stocks, or 
cupolas, of granitic intrusives was recognized long ago by Steinman, 
Singewald, Ferguson and Bateman, and others.‘ Butler? showed that 
the chief ore deposits of Utah are concentrated in and near “apically 
truncated” stocks, and Billingsley and Grimes noted this relation for 
many of the deposits of Montana that are associated with satellitic 
stocks of the Boulder batholith.2 This relation is common in areas of 
cupolas intruded in the middle and lower depths and is conspicuously 
shown where erosion is deep enough to expose them. Stocks generally 
are elliptical in plan, and in the pre-Cambrian shields and in other 


* Manuscript received by the Secretary of the Society, March 26, 1935. 
1G. Steinman: Uber gebundene Erzgénge in der Kordillere Sud Amerika, Intl. Kongr. Diissel- 


dorf, Abt. IV, vortrag 20 (1910) p. 172-181. 
J. T. Singewald, Jr.: The Erzgebirge tin deposits, Econ. Geol., vol. 5 (1910) p. 166-177, 265-272. 
H. G. Ferguson and A. M. Bateman: Geologic features of tin deposits, Econ. Geol., vol. 7 
(1912) p. 209-262. 
2B. S. Butler: Relations of ore deposits to different types of intrusive bodies in Utah, Econ. 


Geol., vol. 10 (1915) p. 101-122. 
3 Paul Billingsley and J. A. Grimes: Ore deposits of the Boulder batholith of Montana, Am. 


Inst. Min. Engrs., Tr., vol. 58 (1918) p. 284-368. 
(1457) 


= 


1458 EMMONS AND GROUT—GRANITIC STOCKS AND AURIFEROUS VEINS 


deeply eroded metalliferous provinces the lodes that are concentrated 
in and near the intrusives generally strike nearly parallel to the long 
axes of the outcrops. This relation is so common that exploration at 
the ends of stocks nearly always discloses veins. Some of them are 
valuable, but others are essentially barren quartz, or carry metals in 
amounts too small to work. Since many of the cupolas associated with 
workable lodes have walls that slope gently outward and since other 
cupolas without workable lodes have essentially vertical walls, it was 
thought that this difference might provide an index to probable pro- 
ductivity of lodes associated with cupolas, in advance of exploration. 

At the suggestion of W. H. Collins, the region near Goudreau, Ontario, 
was chosen because certain cupolas there have associated gold lodes, 
whereas other cupolas nearby seem to have none. Since in many in- 
trusives certain crystals of the marginal zone are oriented parallel to 
the walls, the orientation of such crystals was mapped by the Cloos 
method. Of three cupolas studied two have approximately vertical 
walls and another has gently pitching structures. Gold lodes are asso- 
ciated with two of them. The study did not show a constant relation 
between the shape of the roof and the degree of metallization of the 
cupola and surrounding rocks. Certain features of these small cupolas 
and surrounding rocks, however, warrant recording. 


THREE GRANITIC STOCKS 
McCARTHY-WEBB 


The McCarthy-Webb stock (Fig. 1) is four miles northeast of Gou- 
dreau and a few rods north of Webb Lake. It® is exposed in an area 
about 1500 feet long and 600 feet wide. Much of the surrounding area 
is covered by drift, but the walls of the stock are exposed at a few 
places, and trenches show the invaded country rock to be Keewatin 
greenstone. The stock ranges from monzonite to quartz porphyry, 
with the porphyry at places on the border zone. The long axis of the 
outcrop strikes about North 70° East. The rock has prominent folia- 
tion and at places schistosity which strikes about North 70° East and 
dips 60° to 70° North. 

The planes of schistosity or foliation of the intrusive Have a linear 
structure of gentle pitch, shown by chlorite, sericite, tourmaline, and 
other minerals. The pitch is east at the east end of the exposure and 
west at the west end (Fig. 2) revealing a low arch in the longitudinal 


*W. H. Emmons: On the origin of certain ore bearing fractures, Am. Inst. Min. Engrs., Tech. 
Pub. 561 (1935) p. 1-26. 

5E. S. Moore: Goudreau and Michipicoten gold ores, Ont. Dept. Mines, vol. 40, pt. 4 (1931) 
p. 1-54. 
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section. This suggests that the magma bulged its roof gently and 
dragged slightly at both the east and the west ends. The platy min- 
erals are stretched along the curve of the arch. 

Some foliation planes show also tourmaline crystals with their long 
axes in the direction of the dip. These planes are slickensided and 
probably record a movement later than that which formed the gentle 
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Ficure 1.—Map of auriferous area east of Goudreau 
Based chiefly on maps by Moore, Gledhill, Collins, Quirke, and Thompson. 


arch of the intrusion. This later movement must have taken place 
after complete solidification of the rock. The intrusion contains several 
mineral veins, shown on Figure 2. They strike nearly with the long 
axis of the mass and carry quartz, carbonates, tourmaline, small 
amounts of pyrite and sphalerite, and at places considerable free gold. 
Near the veins the wall rock is altered by sericitization and carbonation. 

About 1000 feet to the southwest are two small exposures of a similar 
porphyry. Their crystals pitch more steeply westward. A series of 
quartz tourmaline veins is exposed, and they strike nearly north, ap- 
proximately normal to the cleavage foliation of the arch, and dip east. 
Toward the west the dip of the veins becomes successively lower. Other 
veins strike north and dip steeply. Thus, the veins make a fan-like pat- 
tern in cross-section. The quartz tourmaline veins carry little, if any, 
gold. 

The low arch made by crystals of the intrusive suggests that the out- 
crop is near the former roof of the intrusive. The porphyry mass is 
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Figure 2.—Map and structural section of outcrop of porphyry at McCarthy-Webb mine, near Goudreau 
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believed to be an apically truncated cupola with the strongest mineral- 
ization near the crest of the structure.® 


GOUDREAU 


The Goudreau stock, four miles southwest of Goudreau, cuts Keewatin 
greenstone and schists with a little iron ore formation.’ It is about two 
miles long and a mile wide, and is composed of massive granodiorite 
except for its margins, which are porphyritic and schistose (Fig. 3). 
This marginal phase, generally a belt not more than 20 feet wide, and 
locally not more than a foot wide, is well exposed at many places. The 
schistosity is approximately parallel to the contact, and the invaded 
basic lavas of the Keewatin commonly show within a few feet of the 
contact well-defined schistosity, which also is parallel to the contact. 
The northwest side of the mass is more basic than the main mass, and 
the schistose zone seems to be wider on that side. In the border zone, 
crystals of tourmaline, hornblende, and feldspar pitch at high angles. 
Tourmaline needles on shear planes on the schistose border zone plunge 
at high angles. They lie parallel to hornblende crystals in the green- 
stone, and some are parallel to axes of drag folds in the banded schists. 

The orientation of the crystals in the marginal zone indicates that it 
was a chimney-like mass with steep nearly vertical walls, perhaps in- 
clined a little to the east, and that movement was nearly vertically 
upward. The roof of the stock may have been considerably higher than 
the present outcrop, but available data are insufficient to determine how 
much higher. 

Small outliers of the stock on its east and south sides have steeply 
pitching linear structures. The schistose borders make up a large part 
of the outcrops, and the smaller ones are essentially all schistose. 

A system of gold-bearing quartz veins extends eastward from the 
Goudreau stock, striking nearly with the zone of satellitic granitic in- 
trusives and porphyries. The veins were worked from two shafts, 
which were submerged in 1934, and are exposed by a system of trenches. 
The main vein, which is followed for 1700 feet, strikes west-northwest, 


6 E. Cloos: Structural survey of the granodiorite south of Mariposa, Calif., Am. Jour. Sci., 5th 
ser., vol. 23 (1932) p. 289-304. 

F. F. Grout: Structural study of the Snowbank stock, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 632, 

7E. S. Moore: Goudreau and Michipicoten gold areas of Algoma, Ont. Dept. Mines, 40th Ann. 
Rept., pt. 4 (1932) p. 1-54. 

T. L. Gledhill: Goudreau-Lockal gold area, district of Algoma, Ont. Dept. Mines, 34th Ann. 
Rept., pt. 2 (1927) p. 50-86. 

Ellis Thomson: Goudreau gold area, Michipicoten district, Ontario, Geol. Surv. Can., Summ. 
Rept., pt. D (1921). 

W. H. Collins, T. T. Quirke, and Ellis Thomson: Michipicoten iron ranges, Geol. Surv. Can., 
Mem. 147 (1926) p. 1-175. 
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dips 68° southwest, and at places is about four feet wide or more. The 
wall rock carries sericite and much carbonate. The vein-filling in- 
cludes quartz, carbonates (ankerite?), chlorite, tourmaline, gold, py- 


Tite, chalcopyrite, pyrrhotite, and a little bornite and sphalerite. A 


pocket of rich ore was mined near the shaft. A number of prospects 
are opened by trenches near the south contact of the stock. 


TROUT LAKE 


A brief visit was made to the Trout Lake stock, three miles north 
of Goudreau. Unlike the other two stocks, the one at Trout Lake has 
no porphyritic border, but it has many microcline phenocrysts in a 
granitoid matrix. The border phase is only slightly finer grained than 
the main mass. At the north end, where it fingers out with three pro- 
jections, there is much pegmatite and aplite. Locally, a faint foliation 
is evident at the border phase of the intrusive. The foliae dip steeply, 
parallel to the contact. The feldspar crystals are not greatly elongated, 
and they are erratically oriented in adjoining exposures so that no sys- 
tem was determinable. At the north end of the stock hornblende needles 
pitch steeply down foliation planes and nearly horizontal pegmatites 
in cross joints cut across the foliation planes. The mass is probably 
nearly vertically walled, like some other stocks of the Canadian Shield. 
No ore veins are known to be associated with the Trout Lake stock. 


DEVELOPMENT OF FOLIATION BEFORE SOLIDIFICATION 


When one rock mass is more schistose than another of similar char- 
acter near it, a common geological inference was that the more schistose 
mass is the older. It was inferred that the more schistose mass was em- 
placed before the region was subjected to pressure and that the less 
schistose mass formed later. This inference was often sound, and where 
other criteria of age are wanting it is commonly a deciding factor. In 
some granitic intrusives, however, the central part of a mass is gran- 
ular, with unoriented crystals, whereas in the border zone the platy 
minerals lie parallel to the contact of invading and intruded rock. 
Apparently such foliated textures of granitic rocks are commonly 
developed before complete solidification of the rocks, when a magma 
containing many solid crystals is dragged along the walls of the cham- 
ber before it freezes. It is believed that this is the cause of the foliation 
and schistosity in these three Canadian stocks. 

At places near the contact of the foliated granite and the invaded 
greenstone of the Goudreau stock the greenstone is distinctly schistose 
within a few feet of the contact, but farther from the contact the 
schistosity dies out. The thrust of the magma, which oriented its own 
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crystals near the contact, was obviously sufficient to re-orient also the 
platy crystals of the invaded rock. This suggests that the invaded rock 
was heated and probably permeated with fluids from the stock at the 
time of the invasion. This feature, which is well shown on the south- 
east side of the Goudreau stock, is a phase of contact metamorphism, 
characteristic of deep seated intrusives in Shield areas. 


Mineral veins 


gr, * Grarutic intrusives, with 
foliated margins. 


frnvaded rocks. 
Kilometer. 
Mites 
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Figure 4.—Diagrams showing contrast in structures of two stocks, (1) deeply eroded (Goudreau), 
(2) apically truncated (McCarthy- Webb) 


SUMMARY 


The localization of a metalliferous lode system depends upon certain 
features of the host rocks, such as their chemical character, permeabil- 
ity, ease of fracture, and depth at the time of the invasion. It depends, 
also, upon the character of the invading magma, its content of metalliz- 
ing fluids, and the chemical composition of the fluids. Rapidly accumu- 
lating data justify the inference that most metalliferous lode systems 
are closely related to granitic batholiths and that the metal-bearing 
solutions commonly rise to the high points of the hoods of the batholiths, 
from which they may be led by fractures, shear zones, or other chan- 
nels into the roof. Where erosion is deep enough to reveal the cupolas 
and other high points of batholiths, metals are likely to ” found con- 
centrated in and about them. 

A study was made of three small granitic stocks near Goudreau, 
Ontario, by mapping their foliation and recording the orientation of 
their crystals and other linear features. The McCarthy-Webb stock is 
nearly surrounded by glacial drift, but its crystals are lined out on a 
low arch, which indicates that the exposure is near the top of a stock 
that before erosion had a low gently sloping roof (Fig. 4). The best 
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showings of gold lodes on this stock are near the crest of the arch. This 
is in accord with observations in and around many other stocks. 

The Goudreau stock shows a well-defined schistosity at its margins, 
with nearly vertical foliation planes. This is interpreted as indicating 
that the walls of the stock are nearly vertical and that the roof may 
have been far above the present outcrop. The only productive lode 
explored around the stock is at its east end, near a group of small satel- 
litic bodies. This relation is similar to that observed in many other 
stocks. 

The Trout Lake stock is structurally like the Goudreau stock. No 
ore veins are known to be associated with it. 
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FRINGING BENCH OF OAHU 


Looking southwest toward Hanauma Bay and Koko Head. Photograph by 11th Photo Section, 
U.S. Army Air Corps, Luke Field, T. H. 
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INTRODUCTION 


The Island of Oahu is third in size in the Hawaiian group and lies 
in the mid-Pacific about 2,100 miles southwest of San Francisco. 
Honolulu, the capital and principal port of this group, is on Oahu. 
Two dissected volcanic domes, the Waianae Range (4,035 feet high) 
and the Koolau Range (3,105 feet high) make up the island. They 
are surrounded by a nearly continuous coastal plain, in places reaching 
nearly 6 miles in width and consisting of emerged Pleistocene reef 
limestone and terrigenous deposits. A living coral reef fringes all 
of the island except the east and west ends (Fig. 1). 


* Manuscript received by the Secretary of the Society, January 7, 1935. 
t Published by permission of the Director, U. S. Geological Survey. 
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The benches described below are with one exception found on Oahu 
or on islets near Oahu. They were studied from 1930 to 1934 by the 
writer while making a systematic survey of the geology and ground- 
water resources of Oahu for the Ground-Water Division of the United 
States Geological Survey in cooperation with the Territory of Hawaii. 

Although it was not possible to devote adequate time for a thorough 
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Ficure 1.—Map of Oahu 


Showing areas of emerged (in black) and fringing reefs (dotted line shows outer edge). Some 
areas of fringing reef along leeward coast too small to show. 


study of these benches and the formative processes, the discovery of 
certain critical stratigraphic data and a few exceptional bench locali- 
ties leads the writer to place his observations on record for the future 
investigator. Other geologists, in reporting on similar benches else- 
where, have generally drawn definite conclusions regarding their origin, 
but after carefully examining many benches in Hawaii and a few 
in New Zealand and Australia the present writer believes that the prob- 
lem is too complex to be solved on the basis of the present data. He 
has, therefore, purposely avoided final conclusions and presented his 
observations so that readers may draw their own conclusions. Several 
critics have pointed out that this detracts from the effectiveness of 
the paper. However, precise and quantitative data about the work 
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of the sea in the mid-Pacific are scarce, and the writer believes that 
the final explanation of some of the features described herein must 
await the acquisition of more such data. 


PREVIOUS WORK 


Wentworth and Palmer’ described a bench of eustatic origin, 3 
to 10 feet above mean sea level, bordering most of the mid-Pacific 
islands. They believe it was made in late Wisconsin time by a sea 
that stood 12 to 15 feet above its present level. They cite the benches 
at Hanauma Bay and Manana Island as examples on Oahu. Later, 
Wentworth ? named this stand of the sea the Hanauma stage, after 
Hanauma Bay, and estimated that it occurred about 5,000 years ago. 
Pollock * has subsequently argued that a sea 15 feet above present sea 
level would not have been high enough to have cut these features on 
Oahu, and that they were formed by a sea more nearly 20 feet above 
the present level. 

Recently, Johnson* has published an abstract of his conclusions 
resulting from an intensive study of these benches on Pacific shores, 
including Oahu. He gives several excellent reasons for thinking that 
the so-called “2-meter” eustatic bench is being made by storm waves 
of the sea at its present level. One of these reasons is that the bench 
on offshore islands is highest on the seaward exposed side and lowest 
on the landward side. He states that “wave-carved platforms nor- 
mally have their inner margins from a few centimeters up to two 
meters or more above the level of ordinary high tides. . . . The plat- 
forms, therefore, slope generally seaward beneath the water or may 
give place to lower platforms due to secondary wave cutting below the 
major storm level.” Thus, the two benches described in this paper 
belong to those attributed by Johnson to the work of the sea at its 
present level. While there seems to be little doubt that the lower 
one, which is awash in all high tides, is being made by the present 
sea, the origin of the higher benches, which are seldom awash and 
which Johnson would attribute to storm wave work, remains a prob- 
lem. Although much of the evidence presented here supports John- 
son’s hypothesis there seem to be some cases not adequately explained. 


2C. K. Wentworth and H. S. Palmer: Eustatic bench on islands of the North Pacific, Geol. 
Soc. Am., Bull., vol. 36 (1925) p. 521-544. 

2C. K. Wentworth: Pyroclastic geology of Oahu, B. P. Bishop Mus., Bull. 30 (1926) p. 120. 

3 J, B. Pollock: Fringing and coral fossil reefs of Oahu, B. P. Bishop Mus., Bull. 55 (1928) 
p. 36; The amount of geologically recent negative shift of strand line on Oahu, Wash. Acad. Sci., 
Jour., vol. 18 (1928) p. 59. 

Douglas Johnson: Supposed two-meter bench of the Pacific shores, Inter. Geog. Congr., 
Comptes Rendus, tome 2, fasc. 1 (1933) p. 158-163. 
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THE PROBLEM AS SHOWN BY BENCHES ON KAPAPA ISLAND 


Kapapa Island is located just inside the outer edge of the reef in 
Kaneohe Bay (Fig. 1) and consists of dune limestone extending below 
sea level. On the windward side of this island, as shown in Figure 2, 
are two benches. The lower, about 30 feet wide and about 6 inches 
to 11% feet above mean sea level on the windward side, is awash 
except during unusually low tides in calm weather. Behind this 
lower bench is an upper bench, from 3 to 6 feet high and 75 feet wide, 
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Figure 2.—Cross-section of Kapapa Island in Kaneohe Bay 
Showing upper and lower benches. 


bordered on its inland edge by a beach ridge of loose calcareous sand 
and coral cobbles. That it is swept by storms is shown by the fact 
that approximately 9 feet above sea level in the sand beach there 
occurs a pronounced notch (or nip) made by a recent storm, and on 
the slope below the notch lie rotten sugar cane, Kukui nuts, and other 
drift, evidently left by the waves during this storm. Resting on the 
inner edge of the upper bench are numerous large blocks, up to 4 
feet in diameter, quarried from the outer edge of the bench and tossed 
back by storms. In several places near the outer edge of the upper 
bench are a few inches to a foot of beach limestone resting unconform- 
ably on the dune limestone. Blocks of this beach limestone have been 
moved 70 feet across the bench and deposited near the beach ridge 
by storm waves. From its stratigraphic position this beach limestone 
appears to be the remnant of a former consolidated beach ridge at 
the same level as the present one but now almost completely removed 
by erosion because of the wearing away of the bench in front of it 
by the present sea. However, this deposit may be a relie of a former 
higher sea, in which case it would mean that the upper bench was 
originally formed in a higher sea than the present. 

The surface of the upper bench is pitted, suggesting origin at a 
former higher level and reduction by present-day subaerial weathering, 
aided by storm waves. Little is known regarding the rate of such 
processes but, from the large amount of pitting, development of solu- 
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tion holes, and pinnacles left by the weathering, it appears that storm 
waves are not actively beveling the upper bench. 

On the leeward side of Kapapa Island the lower bench passes beneath 
sea level, and the upper disappears entirely. Instead of the two benches 
there is a deep notch cut in the limestone, fronted by a wide seaward 
slope from a few inches to 2 feet below mean sea level. 

A problem immediately arises as to the origin of these two benches. 
No previous writer has described two benches on Oahu. Since they are 
planed across steeply dipping strata of dune limestone there can be 
little doubt that they are at least in part wave cut. As the lower 
bench supports a growth of seaweed on its outer part, and is clean 
and apparently being cut at its inner margin, the writer believes that 
it is being made by the sea at its present level. 

The problem regarding the upper bench is twofold. Is it cut by 
storm waves of the sea at its present level, or was it cut by a sea at 
a higher stand? If the latter: (1) Is it a bench cut below tide in 
a sea 12 to 15 feet higher than the present and subsequently some- 
what modified by subaerial weathering and storm-wave erosion of the 
present sea; (2) Is it a bench cut below tide level by the Waimanalo 
(25-foot) stand of the sea® and subsequently somewhat modified by 
subaerial weathering and storm-wave erosion at the present stand; 
(3) Is it a bench cut at, or somewhat above, mean tide by a sea per- 
haps only 2 to 4 feet higher than at present, and comparable to the 
lower bench on Kapapa Island now being made by the sea? The 
apparent stability of Oahu in late geologic time excludes the hypothesis 
of differential warping. 

The theory that the upper bench was cut by storm waves at the 
present level of the sea can probably never be decisively tested by 
a study of this particular island. It can only be definitely proved for 
similar benches cut on shore lines which are made of rocks that are 
recent, such as historic tuff cones or lava flows. 

The question as to the height of the sea which cut this bench can 
be partly answered by a study of the emerged littoral deposits on the 
shores of Oahu. Abundant evidence of the 25-foot stage has been 
found. If the bench in question was cut by a sea only 12 to 15 feet 
higher than the present, then deposits of that sea should probably be 
found on the adjacent shores. However, none were found. It will 
be even more difficult to determine whether it was cut by a sea only 


SH. T. Stearns: Pleistocene shore lines on the islands of Oahu and Mau, Hawaii, Geol. Soc. 
Am., Bull., in press. 
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2 to 4 feet higher than the present. The deposits of a 2- to 4-foot stage 
would merge with those of the present sea and, excepting possible 
notches, would be indistinguishable from the shore features of the 
present sea. 


BENCH ON BIRD ISLAND (MOKU MANU) 


A remarkably level bench about 150 feet wide and 3 to 8 feet high 
is planed across steeply dipping basaltic tuff on Bird Island (Moku 
Manu) (Fig. 1 and Pl. 129, fig. 1). There is a faint suggestion of 
a lower bench. The bench shown in Plate 129, figure 1, is entirely 
awash only in strong trade-wind weather, yet the cutting of the notch 
at its inner edge is in process, and the removal of talus from the over- 
hanging cliff is complete. Further evidences of recent wave work 
on the bench are the loose sand beach, a large redwood log deposited 
in a re-entrant fully 100 feet from its outer edge, and several well- 
rounded boulders scattered across the bench. 

This island definitely antedates the Waimanalo (25-foot) stand of 
the sea, as is shown on the windward side by a deposit of well-rounded 
beach cobbles, estimated to be about 30 feet above sea level, and on 
the east end of the bench by a pinnacle of tuff, capped by a marine 
fossiliferous conglomerate formed largely of lava cobbles, about 15 
feet above sea level. The contact of the conglomerate and the tuff 
indicates the height of a former bench, which is now destroyed except 
for this remnant. Was the present bench made by a sea, 2 to 4 feet 
higher than the present, simply by reducing a bench cut by the 25-foot 
sea, or is it a product of the sea at its present level and only acci- 
dentally superimposed upon an older bench? There can be little doubt 
that it is being actively cut at present. 


BENCH ON ULUPAU HEAD 


On the northwest side of Ulupau Head the lower bench truncates 
a talus breccia consisting of blocks of tuff cemented in a matrix of 
fine tuffaceous silt. In the formation of this breccia the fine matrix 
was produced by the breaking down of the lime-cemented tuff and 
during its accumulation probably lost most of the lime. The tuff 
blocks, however, not being disintegrated, still contain their lime 
cement. This lime-leached matrix stands in relief as pinnacles several 
inches high, whereas the limey tuff blocks have been dissolved out; 
hence, solution must be more rapid on this particular bench than 
erosion. 
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BENCHES AT NANAKULI 


On the leeward shore of Oahu near the mouth of Nanakuli Valley, are 
outcrops of reef limestone that can be traced inland to a shore deposit 
approximately 25 feet above mean sea level (Fig. 1). A level platform 
several feet across, which a level line shows to be a little over a foot 
above mean sea level, has been notched into it (Pl. 180, fig. 1). The 
platform is awash in all high tides (Pl. 180, fig. 2) and is quite cer- 
tainly being made by the sea at its present level. 

Above this is a bench (PI. 130, fig. 1) 5 feet above mean sea level 
at its outer edge and 6.9 feet at a point 15 feet inshore. This bench 
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Ficurs 3.—Profiles of terraces made by storm waves in the sand beach one mile south of 
Waianae, Oahu 


is storm-swept. Sand deposited 50 feet inshore by a recent storm is 
9.7 feet above mean sea level. The height of storm waves on this coast 
is shown in Figure 3. This upper bench is deeply pitted by spray 
weathering near the coast but is fairly smooth farther inland. It is as 
easy to explain the bench as a reef that grew in the 25-foot sea, sub- 
sequently partly beveled by that sea, and now being modified by 
storm waves and subaerial weathering, as it is to explain it as a bench 
made by the sea standing several feet above present sea level. Such 
evidence as exists seems to indicate destruction, rather than construc- 
tion, of this particular bench by storm waves. 


BENCHES AT WAIMEA 


At Waimea (Fig. 1) on the north coast of Oahu are two benches 
similar to those at Nanakuli (Pl. 131, fig. 1). The rock is reef lime- 
stone, probably laid down during the 25-foot stage. The lower bench 
supports a growth of seaweed, except near its inland edge, and is 
remarkably smooth. It is exposed only during low tide in calm seas. 
The upper bench is deeply pitted by spray weathering and is awash 
only during storms (Pl. 131, figs. 2 and 3). As at Nanakuli, it is 
best explained as the surface of the reef built at a higher stage of 
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the sea and now being modified by weathering and storm waves. Else- 
where on the limestone shores of Oahu, similar benches are common 
(Pl. 129, fig. 2). 


BENCHES ON MOKUHOONIKI ISLAND 


It is necessary to leave Oahu shores and visit Mokuhooniki Island, 
a youthful tuff cone off the southeast corner of Molokai, to find a 
critical place to study the variation in the heights of benches in response 
to variation in the heights of waves. Here, nature has produced a 
“laboratory case” of bench-making. A little more than half of the 
original cone has been destroyed by erosion. It lies at the mouth 
of the channel between the islands of Molokai and Maui, fully exposed 
to trade-wind seas and unprotected by reef. Jutting southeast from 
the island at right angles to the trade-wind waves is a peninsula, 450 
feet long and 150 feet wide. Cutting this peninsula into two well- 
defined strips is a basalt dike, 2 to 4 feet thick, which stands in relief, 
3 to 6 feet high, like a wall (Pl. 132, fig. 1). As shown in the photo- 
graph, it separates two well-defined platforms, beveled across steeply 
dipping tuff beds similar to those bordering Hanauma Bay, Oahu. 

The benches were almost entirely awash at the time these photo- 
graphs were taken, even though the tide was not at its height and there 
was little swell running. The bench on the leeward side of the dike 
was estimated to vary from 1 to 3 feet above mean sea level, and the 
one on the windward side from 5 to 8 feet. During the writer’s visit 
the waves continually broke at the outer face of the windward bench, 
dashing great quantities of water across the bench and over the dike 
to the leeward bench (PI. 132, fig. 2). For many months of the year 
it is impossible to land on this island because of heavy surf, hence 
wave action must be ordinarily much greater than that witnessed. 

There can be little doubt that on Mokuhooniki Island the present 
sea is making simultaneously two benches of different heights, the 
higher one on the windward side and the lower one on the leeward 
side, but, unlike Kapapa Island, the windward side does not reveal 
two benches one above the other. No deposits of a higher sea were 
found on the island, and no positive evidence was found to prove that 
these benches are relics of a higher sea. Further, even if a higher 
sea left benches on this island, it is obvious that they have suffered 
differential beveling by the present sea, which is, after all, the point 
in question. The tuff is weakly cemented and readily cut by waves. 
Furthermore, the inner edges of these benches are being actively cut. 
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Ficure 1. BENCH ABOUT 4 FEET ABOVE SEA LEVEL DURING CALM WEATHER 
South side of Moku Manu Island tuff cone. Note water on bench and how free the bench is 
from debris. 


FicurE 2. View aT KAENA 
Looking east from railroad station. Showing lower bench awash and upper bench of pitted lime- 
stone bordered by a lava cobble beach. 


BENCHES ON THE ISLANDS OF MOKU MANU AND OAHU : 
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Figure 1. LOWER AND UPPER BENCHES DURING CALM WEATHER AND LOW TIDE 


Ficure 2. LowER BENCH SUBMERGED DURING HIGH TIDE IN NORMAL WEATHER 


BENCHES IN REEF LIMESTONE ON LEEWARD COAST NEAR NANAKULI 
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BENCH ON MANANA ISLAND 


Palmer and Wentworth described the bench on Manana Island as 
eustatic and estimated it to be 5 to 15 feet above mean sea level, 
but the United States Geological Survey topographic map shows that 
it lies below the 10-foot contour. Actually, most of the bench is only 
1 to 3 feet above mean sea level except on the windward side, where 
it reaches 5 to 7 feet in height. As shown in Plate 133, the bench is 
awash in a calm sea, and the notch at the base of the cliff at its 
inland edge is being actively cut. Only one bench was observed on 
this island. It slopes downward progressively from about 5 feet above 
mean sea level on the windward side to mean sea level on the leeward 
side; hence, it is analogous to the case on Mokuhooniki Island. It is 
believed that the bench is caused by erosion by the present sea and, 
therefore, is correlative with the lower bench of Oahu. Its slightly 
greater height above the average for the lower bench on Oahu can 
readily be explained by the fact that Manana Island is not protected 
by a reef and is exposed to strong wave action. 

The decrease in height of the bench from the windward to the 
leeward side of the island might also be explained as caused by the 
waves of a higher sea more effectively reducing a submarine bench 
as they progressed to the leeward side owing to the accumulation of 
abrasives as they advanced. Knowledge about the quantity of sand 
in the waves working on these benches is lacking, and the cause of 
bench-making will probably not be satisfactorily settled until more 
quantitative data are available. 

Stratigraphic evidence strongly points to this island being younger 
than the 25-foot stand of the sea. Subaerial tuff from Manana Island 
cone rests on hillwash-covered limestone on the shore of the mainland 
nearby. This limestone is believed to be part of a reef laid down 
when the sea was 25 feet higher than at present, because it extends 
back to a wave-cut cliff at that level. Further, about 25 feet above 
sea level in the cliff directly below, where the main highway reaches 
the top of the Pali near Makapuu, is a sea cave, 25 feet wide, 15 feet 
high, and 15 feet deep. The cave is completely out of reach of present 
waves and was made when the sea stood about 25 feet higher than 
at present. On its floor are water-worn lava cobbles left by the 25-foot 
sea, mixed with angular lava blocks from the roof of the cave. On 
them rests 3 feet of even-bedded Manana Island tuff, dipping 40° S. 
and striking N. 80° W., with a dry, dusty surface on which are small 
chips of rock. A similar cave was found a little farther east. Reef 
rock, about 20 feet above sea level, is attached to the cliff near the 
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cave. If the Manana Island tuff had been deposited when the sea 
was at the level of these caves, it would have been thoroughly mixed 
with the marine cobbles, or absent; but its dusty, weathered surface, 
on which lie chips of rock from the roof, is evidence that the sea has 
not touched it since it was deposited. It must have been subaerially 
deposited in the cave after the sea dropped from the 25-foot level. The 
tuff in this cave and the tuff resting on the soil-covered reef mentioned 
above demonstrate that the so-called eustatic bench on Manana Island 
is later than the 25-foot sea. Palmer, who visited this locality with 
the writer, orally states that the bench cut in the basalt below these 
caves is one of his eustatic benches; hence, he now believes that the 
bench described by Wentworth and himself must consist of two benches 
made by the sea at different heights. 


BENCHES AT HANAUMA BAY 
GENERAL STATEMENT 


The type locality of the 12- to 15-foot sea described by Wentworth 
is at Hanauma Bay, near the east end of Oahu (PI. 128). Two benches 
occur in this bay, but Wentworth and Palmer described only the upper 
one. The shore edge of the lower bench on the east tip at the entrance 
to Hanauma Bay, as determined by a Wye level, is 6.3 feet above mean 
sea level. Since the surface of this bench is parallel to the bedding 
of the bedrock at this place, this height has less significance than 
heights at some other point. A little farther along, the lower bench 
is 2.7 feet above mean sea level, and it gradually decreases in height 
until a point near the head of the bay is reached where it is only 2.2 
feet above mean sea level. Its striking characteristic is its levelness 
wherever it has been cut across the bedding (Fig. 4). The bench varies 
in width from 4 to 8 feet, and its land edge is a low bluff, 2 to 5 feet 
high, above which lies the upper bench. Soundings indicate that the 
seaward edge drops off abruptly to about 28 feet near the mouth of 
the bay, and to 1 to 3 feet near the head of the bay. The writer 
believes that this bench is the product of the sea at its present level. 

Above the lower bench is the eustatic bench of Palmer and Went- 
worth. At the entrance to the bay it is 10.8 feet above mean sea 
level. From this point it slopes downward until at the head of the 
bay it is only 4.1 feet above mean sea level, where it is replaced by 
a sand beach which is 7.8 feet high and which, on the date of the 
leveling, contained fresh swash marks up to 5.8 feet (Fig. 4). Although 
quite flat, the bench always contains pools of water and is continually 
wet by spray. 
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EVIDENCE THAT THE UPPER HANAUMA BENCH WAS NOT CUT BY THE 25-FOOT SEA 


Stratigraphic evidence indicates that the Koko tuff fell on the soil- 
covered emerged reef of the 25-foot sea; hence, the upper Hanauma 
bench, which is cut in Koko tuff, was made subsequent to the 25-foot 
sea. In Kamilonui Valley, 134 miles north of Hanauma Bay and 800 
feet north of Kuapa Pond (Fig. 1), 4 feet of even-bedded Koko tuff 
rest on one to two feet of dark clayey silt, which in turn rests on one 
to three inches of reddish residual soil containing fragments of weather- 
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Ficurs 4.—Profiles of benches 


Upper bench (A), lower bench (B), and adjacent ocean floor (C), from mouth to head of 
Hanauma Bay, Oahu, parallel to shore line D-E in inset. 


ing limestone. Beneath this soil, reef limestone, 6 feet thick, is exposed. 
The top of the exposure is about 12 feet above sea level. The basal 
layer of the tuff contains numerous leaf and twig molds, showing that 
the tuff fell on a surface supporting shrubs and trees, only about 8 
feet above present mean sea level. Thus, the sea must have been lower 
than 8 feet above the present when the tuff was erupted, but it does 
not prove that the sea did not rise again to 12 to 15 feet above the 
present level after the tuff was ejected. 

In some of the adjacent exposures, 3 to 6 feet of talus from the 
adjacent Koolau basalts with a fine black-brown soil matrix occur 
between the tuff and the reef. This reef crops out here and there 
around the mouth of the valley and in the adjacent Hahaione Valley, 
and can with reasonable certainty be correlated with a consolidated 
beach deposit near Hahaione Dairy, the top of which Palmer has found 
to be approximately 35 feet above sea level. The upper few feet of 
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this deposit is dune sand; hence, it is evident that the deposit accumu- 
lated during a stand of the sea about 25 feet higher than at present. 
The outcrops of limestone at the mouth of Kamilonui Valley are in 
a marine terrace which has an altitude, at its inland edge, of about 
25 feet. It seems certain, therefore, that the Koko tuff fell on soil- 
covered emerged reef belonging to the 25-foot sea. This stratigraphic 
evidence means that Hanauma bench, the type locality of Went- 
worth’s 12- to 15-foot sea, is distinctly later than the 25-foot sea. 


ABSENCE OF SHORE DEPOSITS OF A 12- TO 15-FOOT SEA 


It is hardly feasible to determine whether a stand of the sea occurred 
at the 12- to 15-foot level by studying wave-cut features, because it 
is difficult to differentiate between features cut by present storm waves 
and those cut by the 25-foot sea and subsequently lowered by erosion. 
So many depositional features can be found on Oahu that the matter 
can be better studied from that angle. It is only necessary to visualize 
what would happen today if the sea fell 12 to 15 feet, in order to get 
a fair picture of what would have happened some 5,000 years ago if 
the sea had fallen by the same amount. Practically the entire fringing 
reef of Oahu would be left high and dry, and extensive dune and beach 
deposits would be left in most places from a quarter of a mile to a 
mile inland. The islands off Lanikai would be connected to the main- 
land by emerged reefs, and lithified dunes like those near Kailua and 
Waimanalo would have a notch in them 12 to 15 feet above sea level. 
The absence of such marine features is fairly conclusive evidence that 

a 12- to 15-foot sea did not exist after the 25-foot sea. 

' The embayment north of Koko Crater occupied by Kuapa Pond 
is the critical place on Oahu to prove or disprove the existence of 
the 12- to 15-foot sea (Fig. 1). It has already been pointed out that 
the Koko tuff was erupted after the 25-foot stand of the sea and that 
the type locality of Wentworth’s 12- to 15-foot sea-cut bench occurs 
at Hanauma Bay. The Kuapa Pond embayment was caused by the 
eruptions along Koko Fissure; hence, the south side of this embay- 
ment must be younger than the 25-foot sea and older than the pos- 
tulated 12- to 15-foot sea. In the postulated 12- to 15-foot sea this 
re-entrant would have been occupied by a quiet bay only 15 to 25 
feet deep, 114 miles long, an eighth of a mile wide, and protected from 
both Kona (southerly) and trade winds. Its mouth should have been 
an ideal site for coral growth. The inner part of the bay would have 
been a settling basin for the sediments of three streams draining off 
the Koolau Range. Like the present embayment it would have soon 
become nearly filled with sediment. 
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Figure 1. IN CALM WEATHER 


Figure 2. IN NORMAL WEATHER 


Ficure 3. WAVE PASSING OVER UPPER BENCH DURING A STORM 


BENCHES ON REEF LIMESTONE ON WINDWARD COAST NEAR WAIMEA 
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Ficure 1. PENINSULA JUTTING SOUTHEAST ATHWART THE TRADE WINDS 
Showing high bench on windward side separated by dike from low bench on leeward side. 


Ficure 2. ANOTHER VIEW OF THE PENINSULA 
Showing wave breaking over windward bench. Truncated, steeply dipping bedding indicated in 


foreground by linear pools of water. 


PENINSULA ON MOKUHOONIKI ISLAND 
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Subsequent lowering of the sea to the present level would have 
entrenched these streams in the sediments, leaving terraces of marine 
non-calcareous sediments in the upper part of the bay and an emerged 
reef near the mouth of the bay. While it might be argued that the 
reef could have been removed by the present sea, yet stream erosion 
is so feeble on the southern side of the bay that probably some trace 
of the non-calcareous sediments would have been left. These sedi- 
ments are not found among the numerous rock exposures, nor is there 
a terrace at the 15-foot level. A terrace about 4 feet high occurs near 
the head of Kuapa Pond. The terrace rises to 10 feet in height near 
the point where the Kamiloiki Stream enters the head of the embay- 
ment. The edges of this terrace expose bedded subaerial tuff, which 
in places rests upon emerged reef. It is evident that the terrace was 
caused by Kamiloiki Stream cutting through the Koko tuff after the 
eruption and not by the dissection of marine sediments deposited in 
a 12- to 15-foot sea. Wentworth and Palmer® cite a place on the 
coast at Koko Head where a mass of coral and other calcareous 
debris occurs, which appeared to them to have been deposited during 
a higher sea level and in association with the cutting of the bench. 
This outcrop of massive reef limestone is exposed about a mile east 
of Hanauma Bay, in a hole in the Koko tuff. Its top is 15 feet above 
sea level and about 6 feet above the bench. The limestone is capped 
with about 21% feet of compact brown soil, succeeded by Koko tuff. 
The bedding of the tuff clearly indicates that it mantles a former cliff 
of limestone. Wentworth revisited this locality in 1934 with the writer 
and agrees that the sea must have been lower than the top of this 
reef when the Koko tuff was deposited and that the reef is older than 
the tuff. The reef was probably built in the 25-foot sea. 

For about a mile inland from shore, the Ewa coral plain west of 
Pearl Harbor consists of emerged reef that is free from soil, and its 
original reef surface is only slightly altered by weathering. Below the 
altitude of 25 feet this plain slopes seaward gently and uniformly. 
If, after the 25-foot stand, the sea dropped to a stand 12 to 15 feet 
higher than at present, some indications of its shore line and of the 
usual accompanying features should be found one-half to a mile inland 
on this plain. For example, the present shore consists of a 2- to 6-foot 
cliff cut in limestone by the present sea, capped by a sand beach ridge 
that is 6 to 8 feet high. It is reasonable to expect that a set of 
similar shore features would have accompanied a 12- to 15-foot sea 


®C. K. Wentworth and H. S. Palmer: op. cit., p. 529. 
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in this area. Virtually no stream erosion takes place in the lower 
part of the Ewa coral plain because of the high permeability of the 
reef. Consequently, solution alone would have had to destroy any 
such shore features had they existed. No sign of a lithified beach 
or notch at 12 to 15 feet altitude on this coral plain was found. This 
lack of features leads one to question the existence of a 12- to 15-foot 
stand of the sea on Oahu. 


EVIDENCE OF STORM WAVES ON THE KOKO TUFF SHORE LINE 

On the west side of Koko Head, at the exposed southwest tip, the 
upper bench is about 11 feet above sea level. From this point the 
bench slopes downward until it reaches practically sea level at the 
head of Maunalua Bay. It makes a pronounced drop to practically 
sea level at the point where the present reef comes to sea level in 
Maunalua Bay. Since storm waves break at the reef, this drop in 
the height of the bench is certainly suggestive that it has been made 
by storm waves of the present sea. 

The bench just described on Koko Head is more or less continuous 
with the one in Hanauma Bay. The water here is not often disturbed 
by large waves, chiefly because it is now largely floored with living 
reef. The entrance to the bay is unprotected by reef; hence, severe 
Kona storms doubtless still send high waves into this bay. Since the 
surface of the bench is continually wet by spray, chemical weathering 
is effective, because the calcite cementing the ash grains is easily 
soluble, and under normal conditions probably makes the occasional 
storm waves more effective than they would be otherwise. The fact 
that the bench slopes downward toward the head of the bay, in the 
direction that storm waves naturally die out, is suggestive that storm 
waves have cut the bench. The fact that it is kept free from talus 
from the adjacent cliffs indicates that storm waves must still cross 
the bench. 

It may be that the upper bench in Hanauma Bay owes its origin 
to special conditions. For instance, before the coral grew in it high 
waves of the present sea may have cut the upper bench. Then, after 
the reef grew more or less to its present size, the lower bench may 
have been cut in response to the changed condition. An argument 
against such a special explanation is that the reef grew so slowly that 
the earlier bench should have been gradually lowered in response to 
the changing conditions, with the result that only one bench would 
have been formed. 
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Ficure 1. MANANA ISLAND TUFF CONE 
Showing bench on its windward side. The bench is dark because it is wet. Photograph by 11th 
Photo Section, U. S. Army Air Corps, Luke Field, T. H. 


Ficure 2. CLOSE UP AIR VIEW OF BENCH ON WINDWARD SIDE OF MANANA ISLAND 
Bench (dark) truncating indipping concentric tuff beds of vent. Area shown is about 150 by 
210 feet. Photograph by Lt. Don Zimmerman, U.S. Army Air Corps, Luke Field, T. H. 


AIR VIEW OF BENCHES 
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EVIDENCE THAT THE UPPER HANAUMA BENCH MIGHT HAVE RESULTED FROM 
A 2- TO 4-FOOT DROP IN SEA LEVEL 


The difference in height between the upper and the lower benches at 
the head of Hanauma Bay is only 2 feet, which might be taken as 
evidence of a late drop in sea level of about this amount. The last 
emergence of Oahu requires a 25-foot drop in sea level. Since it is 
unlikely that this drop occurred all at one time, it may be that the 
sea was recently 2 to 4 feet higher than now. If the sea halted at 
this level for a short time, benches could have been cut, at least on 
weaker rocks, like tuff and limestone. However, a drop of this slight 
amount would not leave shore deposits distinguishable from those left 
by present storm waves. Hence, such a halt cannot be easily proved 
or disproved by field evidence. The fact that the upper bench is 
absent on the youthful cone of Manana Island may mean that Manana 
Island was formed after Koko Crater and after a final emergence of 
2 to 4 feet. 

It is difficult to reconcile the subaerial weathering of limestone on 
the upper bench with the work of effectively planing storm waves (PI. 
130, fig. 2). Further, one might justly question why storm waves, vary- 
ing in height from storm to storm, should cut a single flat bench and 
why this bench, if made by storm waves, is absent on some of the most 
exposed tuffaceous headlands, such as Ulupau Head. It is significant, 
however, that the lower bench is absent at this point also, probably 
indicating that quarrying is more active than benching. The preceding 
evidence shows that storm waves travel across these benches at present, 
but they may be simply passing over a bench already made by a 
higher sea. 

Moreover, if the sea once stood 2 to 4 feet above the present sea 
level, it is strange that its notches are not to be found on the lithified 
dunes at Laie and elsewhere. Although the burden of the evidence 
supports the hypothesis that the upper bench at Hanauma Bay was 
made by the present sea, the problem is too complex to settle without 
much additional data that can be accumulated only by a study of 
shore lines on recently made coast lines. 


CONCLUSIONS 
ORIGIN OF THE LOWER BENCH 
The main pounding of the waves seems to occur at the outer edge 
of the lower bench while its surface is being abraded by the small 
secondary waves rolling shoreward across it. The lower bench is 
seldom awash at low tide; hence, most of the planation must be done 
at high tide. The fact that it is well developed only on the tuff. 
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which is lime cemented, and on limestone, and that it is commonly 
pitted by shellfish, leads one to suspect that solution and boring organ- 
isms may be important factors in its formation. 

An outstanding fact about this bench is that, although it is cut by 
feeble waves, it is able to hold its width against the pounding of the 
larger waves at its outer margin. Evidently the erosional processes, 
quarrying, and abrasion aided by weathering are nearly in equilibrium, 
and the explanation of the formation of the bench on limestone and 
tuff and its poor development on basalts lies, partly, at least, in 
the fact that these rocks are not quarried as readily as basalt because 
they have fewer joint cracks. 


ORIGIN OF THE UPPER BENCH 


The origin of the upper bench is more problematical. Where only 
one occurs it is commonly difficult to determine whether it corresponds 
to the lower or the upper bench, unless it is awash in ordinary seas 
at high tide. The height of wave-cut benches is determined by many 
factors, such as degree of exposure to wave attack, height of tide, 
strength or texture of the rock forming the shore, character of the 
bedding in the rocks, solubility of the rock, number of sea-boring 
organisms inhabiting the bench, amount of abrasives available, amount 
and type of marine plant life growing on the bench, and other factors. 
It is obvious that under such complex conditions many types and 
heights of wave-cut benches can be made. On Oahu, on rocks older 
than the Waimanalo, or 25-foot, stand of the sea, it appears impossible 
to prove that the upper bench was, or was not, cut by a sea higher 
than the present. It may be that in some localities the upper bench 
was cut by a higher sea and subsequently modified, whereas in other 
localities it was made by storm waves and weathering by the sea at 
its present level. However, on the offshore tuff cones that are younger 
than the 25-foot sea, the upper bench may be either the product of 
storm waves and weathering at present sea level or of a sea 2 to 4 
feet higher than the present sea. More evidence is needed, although 
the preponderance of evidence favors the storm-wave and weathering 
hypothesis. 
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Figure 1. CARAVAN ROUTE FROM CHAOYANG TO CHIHFENG JUST NORTH OF THE DIVIDE 
Looking northwest toward the center of the Laoho basin. Foreground of Tertiary and younger 
surface deposits; ridge in distance of late Mesozoic porphyries. 


Figure 2. TERRACED DEPOSITS AT SZECHINGTAO 
Showing Laoho beds capping other deposits at extreme right. Compare surfaces with those of 
text Figure 2, taken nearby. Scale from field shrine (left center) and village (right mid-distance). 
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INTRODUCTION 


The westernmost of the Chinese provinces recently incorporated 
through Japanese influence under the name of Manchukuo furnishes 
a clear example of the control of geologic structure on the development 
of physiographic features, and of the dominant part played by the 
latter in the history of racial interaction and human settlement over 
many centuries. 

Along the greater length of its Mongolian frontier China possesses 
a chain of natural barriers which have in the past restricted access 
from the north to a few well-known routes. The Ordos Desert and 
the arid strip north of the great bend of the Huangho connect with 
the basalt ramparts that mark the edge of the plateau as far east as 
Kalgan. Beyond this, the sector north of Peiping is protected by 
folded ranges which parallel the northwest trend of the coast. Only 
in Jehol does the strike of the structure offer a natural “gangplank” 
from the high plains down to the fertile Liaoho basin in the heart of 
Manchuria. 

Though formerly the province was supposed to cover 67,000 square 
miles, recent Japanese estimates claim only four-fifths of that area. 
It is an irregular horseshoe-shaped girdle of mountains enclosing an 


* Manuscript received by the Secretary of the Society, April 18, 1935. 
+t Published with the permission of the Director of the Cenozoic Laboratory, Geological Survey 
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amphitheater open to the northeast (Fig. 1). From the plateau of 
Inner Mongolia, here 4,000 to 5,000 feet above sea level, the ground 
rises gently on the outer flank of the Great Khingan range, individual 
ridges of which reach elevations of 1,500 feet above the plateau before 


JEHOL 


PROVINCE 


Figure 1.—Map of Jehol Province 


falling off more steeply on the southeast toward the heart of the prov- 
ince. The southern wing of the horseshoe is formed by the more rugged 
belt of the Liaohsi Mountains, including the Sungling and spurs of 
the Yenshan range—ridges of 4,000 feet, decreasing coastward, and 
with an average local relief of less than a thousand feet. The floor 
of the amphitheater slopes gently to the east and is divisible into three 
sections. The southern and central sections are drained by the Laoho 
and Shara Muren respectively. The northern unit, or Cherim prairie, 
has only faint relief, is poorly drained, and is partially covered by 
sandy wastes with non-integrated internal drainage. 
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The southern, external drainage system comprises the watersheds 
of (1) the Luanho, which rises west of Dolonor and collects the run- 
off of southwest Jehol, (2) the Talingho, which delivers to the head 
of the Gulf of Liaotung the outflow from the subsequent valleys of the 
southern arm of encircling mountains, and (3) the minor streams which 
take independent courses across the seaboard flank direct to the gulf. 


UNDERLYING STRUCTURE 


The bedrock foundation has a crystalline floor which underwent suc- 
cessive subsidences along parallel geosynclinal troughs following the 
prevailing northeast-southwest structural grain of the area in late 
pre-Cambrian, in Cambro-Ordovician, and again in Upper Carbonif- 
erous to Triassic times, before final emergence. 

Tectonic forces continued to act, and additional belts of continental 
deposits were similarly overlaid upon the floor during the latter half 
of the Mesozoic Era. According to Teilhard, whose report on the 
structures of the Weichang area’ gives the best general account at 
present available, these younger inlays include (a) a Lower Jurassic 
coal-bearing shale (Linhsi series) in northwest Jehol, (b) an Upper 
Jurassic (?) tuff-conglomerate series, overlaid by Cretaceous shales 
with Lycoptera, in southeast Jehol, and (c) an Upper Cretaceous 
conglomerate series, largely derived from rhyolites and allied types 
intruded and extruded after the deposition of series b. 

The igneous activity showed considerable variety both of form and 
of composition, and was related to the vigorous Yenshan disturbance 
which affected northern China in two phases toward the end of the 
Mesozoic Era.? The latter movement was responsible for the dominant 
fold-lines in the structural framework of the whole region. In Jehol 
the thrust was from the northwest, with high-angle reverse faulting. 

As a result of uniformity in the direction of crustal stresses from 
Archean to Tertiary times, the outcrops of the formations are dis- 
tributed in three parallel zones.* The most significant structural fea- 
ture in the foundation is an elongated inlier of pre-Cambrian granite 
which Teilhard aptly terms the “crystalline axis.” It can be traced 
(Fig. 1) as an arc passing just north of the cities of Jehol and Chao- 
yang, and it separates the northern, broader zone from the two nearer 
the Gulf of Liaotung. Of these latter (1) the seaboard zone, charac- 


1P. Teilhard de Chardin: The geology of the Weichang area, Geol. Surv. China, Bull. 19 
(1932) p. 1-49. 

2W.H. Wong: Etude tectonique de la region de Peipiao, Geol. Surv. China, Bull. 11 (1928) p. 15. 

8P. Teilhard de Chardin: Etude géologique sur la region de Dalai-noor, Soc. Géol. France, 
Mem. 7, n.s., tome 3, fascicle 3 (1926) p. 49-50. 
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terized by pre-Cambrian granites, metamorphosed Sinian (Algonkian) 
limestones, and Mesozoic granitic intrusives is partially submerged 
but can be followed through Chinwangtao, Shanhaikuan, and Hulutao 
into Manchuria where it has been traced by Ahnert and Teilhard to 
beyond Kirin; while (2) the intermediate zone is dominantly sedi- 
mentary and exposes unmetamorphosed Sinian and Cambro-Ordo- 
vician limestones, folded and upthrust over weak Upper Mesozoic 
strata. (3) On the northern side of the axis, the terrain not capped by 
Tertiary basalt is mainly of Mesozoic acid eruptives with subordinate 
metamorphosed Upper Paleozoic and Lower Mesozoic sediments, with- 
out Sinian or Cambro-Ordovician strata. 

This composite foundation was subjected to the base-leveling which 
attacked the entire region during early Tertiary times. It is at this 
point in time that the evolution of the present surface features may 
be regarded as commencing. 


GENERAL PHYSIOGRAPHIC EVOLUTION 


The peneplain, or low-relief surface developed on this foundation, 
appears to have drained to the southeast. Down-warping of the sea- 
board margin as the northwest limb of the trough now occupied by 
the Gulf of Liaotung and concurrent up-arching along the crystalline 
axis, dismembered the drainage, thus separating two river systems, the 
one draining directly seaward, the other down the back-slope to the 
hinterland. Since the warp axis plunged gently toward the central 
Manchurian plain, the back-slope drainage had to outflank this barrier 
before it could escape to the sea. The shorter, more energetic streams 
on the coastal side of the divide engaged in active headward erosion 
in an attempt to capture the outlying fringe of the inner basin drainage. 
This has resulted in two contrasted types of topography, because the 
run-off from adjoining slopes on opposite sides of the divide must 
follow stream courses of much gentler gradient to reach the same 
coastal base level. 

The post-Oligocene history of Jehol is not quite so simple as this. 
(1) The surface was broken in Middle Tertiary times by minor faulting 
along the strike of the older structures; (2) reduction by erosion 
involved more than one partial cycle, punctuated by epochs of aggra- 
dation and minor warping; and (3), in addition, the Mongolian border 
was the scene of basaltic outbreaks at more than one epoch. 

Only one river of those which flow directly to the sea rises more 
than 80 miles inland. The single exception, the Luanho, has its head- 
waters three times that distance from the coast and cuts across the 
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structure throughout its length. This sharp discordance between the 
trend of the river and the structural grain of the country may be due 
to the fact that the course of the Luanho was first established on a 
peneplain locally veneered with basalt. Although it could have been 
superposed from such a surface by simple tilting without differential 
vertical movement, the general disposition of the maximum summit 
areas suggests that it maintained an antecedent course in the face of 
unfavorable uplift. The exposure of the crystalline floor along the 
axis is due to repeated upwarp, the last major effect of which was the 
separation of the inner and outer drainage systems. 

The physiographic history is best grasped by turning first to the 
interior basin where the Laoho and its tributaries have left a detailed 
record of the stages of geomorphic development. 


PHYSIOGRAPHIC STAGES OF THE LAOHO BASIN 


Tan was the first to recognize the complexity of the erosional history 
of the region.* He identified five stages: 


(a) Chaoyang stage of dissection, following Middle Tertiary erup- 
tions and faulting; 

(b) Peipiao stage of local aggradation, with accumulation of residual 
and reworked red clay deposits; 

(c) Lingho stage of dissection; 

(d) Chihfeng stage of loessic aggradation, which partially refilled 
the valleys of the Lingho stage; and 

(e) Ltaoho stage of dissection which incises all older physiographie 
surfaces. 


Results obtained during a reconnaissance through the province, made 
by the writer in 1931 at the request of the Director of the Cenozoic 
Laboratory, show that the later stages were more complicated than 
was previously supposed. The structural and physiographic relation- 
ships of the various surface deposits in the Laoho Basin are admirably 
shown in an instructive stream-section at Szechingtao, four miles east 
of Chihfeng (Pl. 134, fig. 2). None of the formations here is more 
than a few feet thick, the total height of the cliff being only 45 feet; 
nor have the intervening erosional stages cut to any depth. Both facts 
are accounted for by the slightness of the local base-level changes 
throughout the period involved, the controlling factor being the mature 
gradient of the trunk stream. 


4H. C. Tan: Geology of eastern Jehol and western Liaotung, Geol. Surv. China, Bull. 16 
(1931) p.. 5. 
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The section (Fig. 2) shows five types of deposit, each with distinctive 
characteristics which, despite the thinness of development, permit cor- 
relation both with their thicker extensions to the west and with analo- 
gous formations in northern Hopei and Shansi. Each of the five is 
associated with an equally definite, though subdued, physiographic 
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Figure 2.—Stream section at Szechingtao near Chihfeng 


Showing topographic surfaces and relationships of formations (numbered to correspond with text). 
Mesa basalts on skyline. 


surface which confirms the correlation. The superficial deposits them- 
selves may be considered first. (1) Though the Peipiao clay has been 
identified only in the mountain-locked coal basin of the type locality 
and at a few points in the Laoho basin, it undoubtedly underlies many 
of the broad depressions of the upper drainage basin. Chemical and 
mechanical analyses of specimens show that the material composing 
the Peipiao clay is indistinguishable from the typical early Pliocene 
red clay of North China. Though fossils are lacking, the structural 
and physiographic analogies with the latter are sufficiently close to 
warrant a tentative correlation of the two. (2) Over the Peipiao clay 
in some places, and elsewhere in direct contact with bedrock, is a 
banded, faun-colored to brown, loessic loam with concretions. The 
base of the formation is often marked by sandy beds, occasionally 
with boulders of basalt or other coarse water-borne material. (3) These 
loams are veneered with a thin layer of the typical late Pleistocene 
loess of the Mongolian border. It is distinctly sandier than the cor- 
responding eolian deposits of Shansi and northwest Hopei, often has 
basal gravels, and locally yields Rhinoceros tichorhinus. (4) Occupy- 
ing depressions in the loess topography are dark brown marsh or lake 
deposits analogous to those noted by Teilhard in the Laoho valley.’ 


5P. Teilhard de Chardin: Etude géologique sur la région du Dalai-Noor, Soc. Géol. de France, 
Mem. 7, n. s., tome 3, fascicle 3 (1926) p. 13. 
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The writer found five Neolithic sites on the upper surface of these 
deposits of the Laoho stage; two miles east of Chihfeng “fixed” dunes, 
now being overridden by (6) young drifting sand,* contain implements 
in their lower layers, in a position recalling the finds made by the 
Central Asiatic Expedition at Shabarakh Usu in Mongolia. (5) The 
Laoho beds themselves have inlays of younger coarse alluvium which 
are, in turn, trenched by the present dissection. All the features 
involved are small-scale replicas of well-established counterparts else- 
where, except those connected with the Laoho stage, which thus far 
have not been noted outside this area. 

Only the first of the five deposits is separated in Tan’s stage succes- 
sion, the four later ones and their related erosion cycles being covered 
by his Chihfeng and Liaoho stages. It is not proposed to add to the 
growing bulk of nomenclature until it can be shown that stages repre- 
sented are of purely local significance. The only addition made is 
that of the Laoho stage.? Without fossil data, provisional correlation 
can be based only on the similarity between the types of deposit con- 
sidered in relation to the associated topographic surfaces and analo- 
gous features in better-known areas to the west and southwest. 


Yenshan orogeny (late Mesozoic) 
Peneplain (inferred) ....... Peitai peneplain (early Tertiary) 

Basalt flows and faulting. ...Nanling movement (Oligocene-Miocene) 
Chaoyang Stage........... Tanghsien erosion (Miocene-Pliocene) 
Peipiao Stage.............. Paote red clay accumulation (Pliocene) 
Lingho Stage.............. Fenho dissection (Pliocene) 

Loam with concretions...... Sanmen loam formation (Pliocene-Pleistocene) 
Chingshui erosion (Pleistocene) 
Chihfeng Stage............ Malan loess accumulation (Pleistocene) 

Tinho 


In most parts of the upper basin where any given cliff or gully 
exposure records only two or three elements of this story, the general 
similarity of history may usually be inferred from the topography. 


TERTIARY LAVAS 


With approach to the edge of the plateau, basalt lavas come into 
increasing prominence. The most important of the basic extrusions 
along the Mongolian border were connected with the vast outpouring 


© The locality in question is seen beyond the recent gully in the center of Fig. 3. 
7G. B. Barbour: Correlation by physiographic criteria as applied to the Cenozoic of North 
China (abstract), Geol. Soc. China., Bull., vol. 11 (1931-1932) p. 104. 
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Shartsuitze. Mesa Basalls capping Cret. sediments] 


Ficure 3.—Panorama from southeast of Chihfeng 


Showing granite intrusive, high and intermediate level basalts, and young canyon in loessic deposits. 


Ulan Haka (qranile intusive) 


Chihfe 


which covered thousands of square 
miles in late Oligocene or Miocene 
times. The latest outbreak of vul- 
canicity is represented by the young 
cones and Pleistocene flows of Dalai- 
noor and Tatung areas.® 

A special problem in the erosional 
history of the region is raised by ba- 
salts which occur at elevations below 
that of the main plateau lavas. Near 
Chihfeng, lavas occur in three dis- 
tinct positions as mesa-caps, as valley- 
floor causeways, and as intermediate 
perched platforms (Fig. 3). The river 
at the north gate of the city incises a 
vesicular basalt causeway. 

At Shantsuitze, three miles north- 
east of Chihfeng, a perched flow, 25 
feet thick, lies on a fresh erosion sur- 
face of a Mesozoic granite intrusive, 
with the contact 50 feet above the val- 
ley floor marked by a layer of well- 
worn boulders of granite, rhyolite, and 
massive basalt. It is hard to explain 
the combination of thick flows forming 
mesa-caps and thin flows occupying 
the base of nearby depressions, by ap- 
peal to simultaneous eruptions. More- 
over, the basalt boulders beneath the 
Shantsuitze flow confirm the belief 
that all the basalts are not of strictly 
the same age. Hence, the evidence 
supports the interpretation that vul- 
canicity was not confined to the 
single major outbreak, but recurred 
with diminishing intensity at inter- 


8 P. Teilhard de Chardin: Etude géologique sur la 
région du Dalai-Noor, Soc. Géol. France, Mem. 7, 
n. s., tome 3, fascicle 3 (1926) p. 32. 

G. B. Barbour and M. N. Pien: The Pleistocene 
volcanoes of the Sangkanho, Geol. Soc. China, Bull., 
vol. 9 (1930) p. 361-370. 
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vals from the close of the Oligocene to the beginning of the Pleisto- 
cene Period. 

Provisionally, one may assign the plateau and intermediate-level 
basalts to an early and a late stage, respectively, of the Chaoyang 
erosion cycle, and place the lowest-lying flows in the the Lingho stage 
of dissection. 


PHYSIOGRAPHY OF THE SEABOARD DRAINAGE SYSTEM 


In the valleys which drain the outer flank of the mountain girdle, 
few traces of the superficial formations can be found. They were evi- 
dently never very thick and what there were have been largely re- 
moved by vigorous erosion of youthful streams. Occasional patches 
of loess have escaped destruction in rock-defended spots and floor cup- 
shaped re-entrants which hang relative to the main valleys. Careful 
search often reveals a substratum of banded loessic loam, several 
outcrops of which occur along the Chinchow-Peipiao branch railway 
line. Usually, however, the confirmation of the inferred history is 
found only in discordances of slope, or in rock shelves and platforms 
which corroborate the erosional, rather than the depositional, aspect. 

The major erosional stages established by Tan are readily distin- 
guishable in localities where the rock is resistant enough to preserve 
the record. Seen from some of the eminences, the sub-uniformity of 
crestline in the more massive ridges suggests that they retain reduced 
traces of a low-relief surface dating from middle Tertiary times. But 
the feature is not clear enough to warrant the assertion that actual 
remnants of the Peitai peneplane can be recognized along the south- 
east margin of the province. In the differential reduction, the chief 
ridge-builders are the Sinian limestone, the Cambro-Ordovician lime- 
stone, and the massive rhyolite and andesite flows and the larger 
granitic intrusives of Jura-Cretaceous age. The subsequent valleys 
are mainly developed along belts of Mesozoic sediments. The basalts 
which form prominent mesa-caps and platforms in the northwest are 
absent from the maritime border. 


HUMAN SETTLEMENT 


The influence of the topography on human settlement and migra- 
tion is evident. Without special search, the writer noted eleven Neo- 
lithic sites of which the most picturesque are two near Chihfeng—one, 
presumably used as a fortress or outlook, on the summit of Ulan Hata, 
a dike-like granite intrusive, 400 yards wide and a mile in length 
(Fig. 3) ; the other, a large cave shelter, 50 by 20 feet in area, excavated 
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in the conglomerate layer between the granite and the basalt on the 
Shantsuitze platform. Teilhard speaks of similar sites as being widely 
distributed to the west. 

The broad, open valleys of the Laoho and Shara Muren basins (PI. 
134, fig. 1) allow rapid movement along a number of routes and explain 
the importance to the Japanese invaders of the establishment of a 
base at Chihfeng during their recent advance from Manchuria. The 
other easy route, along the edge of the delta plain, narrows to a 
minimum where the Great Wall reaches the sea at Shanhaikuan, a fact 
the tactical value of which has been demonstrated repeatedly in 
Chinese history. 

Between these two natural avenues, the mountain belt restricts cara- 
van routes to the more defensible subsequent valleys which parallel 
the coastline. Settlements are strung out along intensively cultivated 
alluvial bottom-lands and separated by sterile rocky barriers, while 
the routes at right angles alike to the coast and to the rock structure 
are few, far between, and hard to negotiate. 
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CONCRETIONS 


Irregular forms—(1) Saw Mill Creek, Massachusetts; (2) Putney, Vermont; (3) Windsor Locks, 
Connecticut; (5, 11, 12, 13) Wells River, Vermont. Compound forms—(4, 6—10, 16) Wells River, 
Vermont. Aggregates of concretions in sheet form—(14, 15, 17-19) Wells River, Vermont. 
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INTRODUCTION 


Concretions in the Champlain formation of the Connecticut River 
valley were noted by the earliest settlers in the region. The concre- 
tions were found in great numbers among the gravels of the Connecti- 
cut River and its tributaries, and on and in the thinly banded beds 
exposed at low water. The name “claystones” was early applied to 
them, a name that was significant because the concretions were harder 
than the clay enclosing them. Later, the term “clay-dogs” was given 
them by the workmen in the brick yards, perhaps because of the per- 
sistence with which the forms appear with the clay, or it may have 
been an opprobrious term intended to convey the idea that the con- 
cretions were nuisances in molding the brick. 

The concretions occur in an infinite variety of forms, but the most 
striking feature, to which the writer’s attention was called in 1910 by 
the late R. D. Salisbury, is their occasional almost perfect bilateral 
symmetry. Salisbury suggested that the origin of this symmetry 
would be worth investigating. The writer has since made an intensive 
study of many types of concretions in various kinds of rocks, but it 
was not until 1932 that he had an opportunity of studying the perfect 
forms in the Champlain formation. This opportunity was made pos- 
sible by a grant of $150 from the funds of the Committee on Sedimen- 
tation, and the author wishes here to express his gratitude to Chair- 
man W. H. Twenhofel and the other members of the committee. 

The field work, carried on during September, 1932, and July, 1933, 
began at St. Johnsbury, Vermont, and, following both sides of the 
Connecticut River, extended southward across Massachusetts to Ber- 
lin, Connecticut. Because of high water, few exposures along the river 
were available, but some were afforded by the small tributaries that 
are cutting fairly actively. The best places for study were the exca- 
vations made at the numerous brick plants, and in railroad cuts and 
the more recent excavations along highways. The field studies were 
made in great detail, and extensive collections were made for the 
laboratory study carried on at the University of Missouri. The 
writer’s thanks are due Mrs. W. A. Tarr for field and laboratory assist- 
ance, and Mr. Clifford LaRoge for aid in the laboratory work. 


PREVIOUS WORK 


Hitchcock + was apparently the first to describe the concretions of 
the Connecticut Valley. His first notes on “claystones” concerned 


1 Edward Hitchcock: Geology of the regions contiguous to the Connecticut River, Am. Jour. 
Sci., vol. 6 (1823) p. 229. 
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specimens found in the Connecticut River near Gill, Massachusetts, a 
few miles north of his boyhood home at Deerfield. Inasmuch as these 
specimens did not effervesce with acids, they were probably not from 
the Champlain formation. In 1835, he described briefly the “clay- 
stones” of the Champlain formation, but it was not until 1841 that he 
went into much detail regarding them.? At the later date he gave a 
full account of their mode of occurrence, composition, and form, and 
made some general and accurate remarks as to their formation but 
did not discuss in detail the mode of origin. . 

Adams * was the next to describe the concretions, chiefly those of the 
Vermont deposits. He discussed at some length the cause of their for- 
mation and developed a classification. Hitchcock * again contributed 
to the subject in 1861, when he described the Vermont occurrences. 
Emerson, in 1898, described the concretions and their occurrence and 
discussed their origin. J. M. Arms (Mrs. Sheldon) presented a pre- 
liminary report about these concretions in the Canadian Record of 
Science (volume 4) in 1891, but her full report was not printed until 
1900.6 This volume (containing 14 excellent plates with 160 figures) 
gives a full description of the forms, many chemical analyses of both 
the concretions and the clays, and a discussion of the origin of the 
concretions. Subsequent references to the concretions have been 
merely incidental. 


THE CHAMPLAIN FORMATION 
GENERAL STATEMENT 


The Champlain beds of the Connecticut River valley were deposited 
in a lake, or more probably several lakes. The formation is generally 
designated as the Champlain “clays,” but as the greater part of it con- 
sists of material of silt size it will be referred to in this paper simply 
as the “formation.” This will permit the use of the word “clay” in its 
correct sense—t.e., to represent a size of material. This terminology 
is necessary because of the extreme frequency with which the two 
words “silt” and “clay” must be employed. Probably the name “clay” 
for the material arose because of its use in making brick. 


2 Idem: Report on the geology, mineralogy, botany, and zoology of Massachusetts (1835) p. 186- 
187; Final report on the geclogy of Massachusetts, vol. 2 (1841) p. 406-422. 

3C. B. Adams: Second annual report on the geology of the State of Vermont (1846) p. 111-119, 
141-142. 

* Edward Hitchcock and A. D. Hager: Report on the geology of Vermont, vol. 1 (1861) p. 240- 
245; vol. 2 (1861) p. 698-700. 

6B. K. Emerson: Geology of old Hampshire County, Massachusetts, U. S. Geol. Surv., Mon. 
29 (1898) p. 711-718. 

@J. M. Arms Sheldon: Concretions from the Champlain clays of the Connecticut Valley. 
Privately printed in Boston (1900). 
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Ficure 1. VARVES IN THE CHAMPLAIN FORMATION 
Dark layers are winter deposits; light colored, summer 
deposits. Knife blade gives scale. West Hartford, 
Connecticut. 


Figure 2. SURFACE OF SILT 
Showing trails or borings of dipterous larvae. Natural Size. 
West Hartford, Connecticut. 


VARVES AND SILT SURFACE 
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The characteristic features of the formation were studied by the 
writer only in connection with the occurrence of the concretions; hence, 
the description given here relates only to details associated with the 
concretions. Accounts of the larger features of the formation may be 
found in the literature on the Pleistocene geology of New England. 


DISTRIBUTION 


~The formation was studied on both sides of the Connecticut River 
from St. Johnsbury, Vermont, to within a few miles of New Haven, 
Connecticut. Its extent was originally much greater, the larger part 
having been removed by the river and its tributaries. The present 
deposits form more or less isolated patches, extending in some areas 
several miles back from the river. It is not known whether the mate- 
rial was deposited in isolated basins or whether the beds are continu- 
ous throughout the valley. This disconnected character of the expo- 
sures prevents correlation of the beds, and hence any conclusions as to 
whether certain horizons are richer in concretions than others. The 
greater abundance of concretions in some localities may be due to local 
variations in the composition of the beds, or to local conditions in iso- 
lated basins. If this formation is mapped in detail and correlation 
attempted, the distribution of the concretions should be carefully noted 
as an aid in tying together the isolated patches. 


THICKNESS 


The total thickness of the formation is unknown. In a few places, 
the exposed thickness was 80 to 100 feet, but in the majority of expo- 
sures studied it was less than 50 feet. Many small exposures of a few 
square feet along the highways furnished a few concretions. 


COLOR 


The beds in Vermont, New Hampshire, and most of Massachusetts 
are a medium to light gray. Locally they may be darker, and, less 
commonly, where sand is a dominant constituent they are nearly 
white. South from Greenfield in northern Massachusetts, pink layers 
appear, and in Connecticut the material is predominantly pink; below 
Hartford it is nearly red. This change in color is due to the local 
geology, as north of Greenfield the source rocks are dominantly gray- 
ish, and south of it the Triassic Red Beds begin to appear; still farther 
south, they form the greater part of the surface. 


BEDDING 


Varved structure ——The significant feature of the formation is its 
varved structure (P1. 136, fig. 1) consisting of paired layers of silt and 
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clay. The varves are remarkably uniform and regular in any one 
exposure, but whether this uniformity is continuous over any extended 
area is unknown; presumably, it was as extensive as the body of water 
in the basin. 


Sharpness of bedding—Marked differences in texture, color, and 
resistance to weathering (PI. 137, fig. 1) all contribute to make the 
layers of each varve easily distinguishable on an exposed surface. The 
lower, or summer, layer is always a silt and is lighter in color than 
the upper, or winter, layer, which is clay. The summer layer normally 
begins with a medium to fine sand, and its contact with the under- 
lying winter layer is always sharp, usually producing a parting plane. 
The contact of a summer layer with the overlying winter layer is, on 
the contrary, more transitional, yet the change occurs so rapidly that 
this contact also usually appears to be sharp. 


Laminations in the layers—The summer layer is usually laminated 
(Pl. 138, fig. 2), whereas the winter layer almost never is. The lami- 
nations are due to differences in texture, composition, and color. The 
rare laminae of winter layers (due usually to a greater coarseness of 
material, though possibly to a difference in color) are in the lower 


part of the layer, showing that they were deposited in the fall or early 
winter. The laminae of the summer layer are usually parting planes, 
and those of the winter layer may be also. An abundance of mica in 
many laminae facilitates the parting. 


Cross-bedding—Rarely, cross-bedding is shown by the sandy or 
silty layer, but always on a small scale, the cross-bedded portion 
usually not exceeding an inch in thickness. The lines of cross-bedding 
are irregular. Minute cross-bedding has developed, also, in connec- 
tion with the ripple marks, described below. 


Character of the bedding surfaces ——Bedding surfaces are flat, with 
the two following exceptions: (1) Occasional pebbles that were rafted 
out by ice, dropped to the bottom of the lake, and then covered by silts 
and clays, now show as humps (Fig. 1) on an otherwise flat surface; 
(2) the current ripple marking (Pl. 138, fig. 1, and Pl. 139, fig. 1) 
observed in the clays at West Hartford, Connecticut. These ripple 
marks were found only in the summer layer and usually near its center. 
They are from 2.5 to 5 centimeters from crest to crest and from 1 to 3 
millimeters deep. The major ripple marks are 5 centimeters apart, 
but a secondary set (2.5 centimeters from crest to crest) commonly 
appears. The crests of the ripple marks strike nearly due north and 
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south, and the steep face dips east, showing that the current was travel- 
ing eastward. As the ripple marks were found in a series of beds the 
forming of which covered a period of about 50 years, it is evident that 
the depth of water and other factors remained essentially the same for 
that period. The silt in the ripple marks shows inclined planes dip- 
ping in the direction of movement. The gentle undulations of the 
ripple marks may or may not be noticeable in the layer above. In 
section, cross-bedding is shown on the front of these tiny ripple marks. 


Clay 


=~} Laminated silt 


Red clay 


“94 Gravel layer 


Laminated silt 


Ficuas 1.—Pebble in silt and clay 


Shows deformation of layers over pebble. Natural size. Windsor Locks, 
Connecticut. 


Other features of the bedding surfaces are various small markings. 
In all the exposures studied, the trails of some organism were common 
on the bedding planes of the summer layer (Pl. 136, fig. 2). Emerson * 
identified these marks as the trails of the larvae of the dipterous insect, 
Chironomus motilator. The reddish clay and silts at Windsor Locks 
Connecticut, show ridges that suggest the former presence of plants or 
possibly crystals, but the preservation is too poor to make the determi- 
nation positive. Small rings (9 to 23 millimeters in diameter), con- 
sisting of ridges of silt, were noted on some silt layers. At first, the 
writer thought these represented embryonic concretionary structures, 
as they occurred associated with concretions of about the same size, 
but he finally decided that they had been caused by the bursting of 
gas bubbles. 


7B. K. Emerson: op. cit., p. 720. 
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Thickness of layers—The two layers of a varve vary in thickness. 
The winter layer is generally the thinner, ranging from 1 millimeter to 5 
centimeters in thickness, and the summer layer from 2 millimeters to 15 
or 20 centimeters. In one exposure (evidently formed near the source 
of material) some of the summer layers were 30 centimeters thick. 
Throughout the area studied, the winter layer averaged between 5 and 
7 and the summer layer between 10 and 15 millimeters. Since each 
varve represents a year’s accumulation, they are distinctly rhythmical 
and tend toward uniformity. In some exposures that represented 100 
or more years of deposition, there were variations in thickness from 
year to year or at slightly longer intervals. 


Attitude of the beds—Though the formation is essentially hori- 
zontal, the earth’s surface in this region has been tilted since the clays 
were deposited. The amount of tilting, however, is too small to be 
detected in a limited exposure. The beds are parallel throughout any 
of the exposures studied, unless they have been disturbed, as noted 
below. 


Disturbance of bedding—The beds throughout the area show 
marked crumpling of certain layers. In some exposures, only one varve 
was folded; in others, several were involved (PI. 139, fig. 2). Usually, 
one varve would be tightly folded in two overturned folds, and the 
adjacent varves would be undisturbed. Very sandy beds (such as 
those in the upper part of the clay pit at Putney, Vermont) might be 
folded (Pl. 137, fig. 2). Locally, folds were accompanied by faults, 
which cut both layers of the varves. 

Some disturbances, as those that occurred at Putney, Vermont, were 
clearly due to overriding by the ice. In one locality, the position of 
the layers suggested slumping during consolidation, but the writer did 
not have time to work this out conclusively. Slumping, however, is 
almost inconceivable, as undoubtedly the beds were horizontal. The 
single folds have been ascribed to the grounding and jamming of the 
varves by floating ice. The likelihood of such an origin could be deter- 
mined by studying a folded bed over a wide surface. A tightly over- 
thrust fold involving only one varve would call for a nice adjustment 
of the thickness of the layer pushed by the floating ice, for in one such 
fold noted the thickness was not more than 15 millimeters. It is 
equally difficult to explain why, if the folding occurred after the deposi- 
tion of the layer above, it should not also be folded. Apparently, the 
folding took place during deposition or consolidation. The disturb- 
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Figure 1. ELONGATED DEVELOPMENT OF CONCRETIONS ALONG RIPPLE MARKS 
Slightly reduced. West Hartford, Connecticut. 


Ficure 2. VARVES 
Showing laminations in summer (lighter) layers. Natural size. Hartford, Connecticut. 


CONCRETIONS AND VARVES 
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Ficure 1. SLass OF RIPPLE-MARKED SILT SURFACES 
Imprints of concretions along the ripples show on some of 
the slabs. West Hartford, Connecticut. 


Figure 2. VARVES 
Natural size. Wells River, Vermont. 


SILT SURFACES AND VARVES 
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ances constitute an interesting problem in structural geology, as well 
as in sedimentation, and should be carefully studied. 


CONCRETIONS 


It is the calcareous concretions occurring in great numbers in the 
silt layers of the varves that furnish the objective of this paper, and, 
as they are described and discussed in detail later, further mention 
of them is unnecessary here. 


COMPOSITION 


Mineralogy.—The microscope showed the formation to be composed 
of quartz, feldspar, hornblende, garnet, muscovite, biotite, chlorite, 
magnetite, hematite and limonite as stains, carbonate and clay min- 
erals, and bits of slates and schists. The quartz is, of course, omni- 
present, but the quantity of feldspar is not so great as might be 
expected in glacial material derived from a great variety of igneous 
and metamorphic rocks. The abundance of micas and chlorite is 
traceable to the numerous schists of the region, as well as to the du- 
rability of these minerals and the ease with which they are transported. 
Some layers consist dominantly of quartz and mica. The muscovite 
in such layers gives the surface of the material a silvery luster. 


Character of the grains ——The material composing the formation is 
consistently fine. Essentially all of it would pass a 100-mesh screen, 
and 95 per cent is finer than 200-mesh (0.074 millimeter). The writer 
estimates that 60 per cent of the material is of silt size (7.e., above 0.004 
and less than 0.074 millimeter). Probably, less than five per cent is of 
sand size if the rare sand layers that originated near shore are excluded. 
Medium and coarse sandy layers containing a few pebbles occur rarely, 
though some layers (largely silt) containing numerous pebbles were 
found. These pebbles were mostly from 5 centimeters down to 1 centi- 
meter or less across (one found at Saw Mill Creek, Montague, Massa- 
chusetts, was 13 by 5 by 4 centimeters). 

The particles of silt and clay are all angular. Each particle par- 
takes of that form determined by its molecular structure, as the par- 
ticles have not been abraded, although they may have been attacked 
chemically. They represent the smallest sizes of the rock flour. 


Chemical composition—Reports of analyses of the formation are 
rare. Loughlin ® gives three (Table 1) representing material which is 
assumed to be from the Champlain formation. The West Hartford 
locality was probably the one studied by the present writer. 


8G. F. Loughlin: The clays of Connecticut, Conn. Geol. Surv., Bull. 4 (1905). 
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TaBLe 1.—Analyses of clays from Connecticut 


Constituent Per cent 

South Windsor West Hartford Berlin 
4.28 4.40 3.06 
207°C: 1.12 1.42 0.99 
H.O on ign. ......... 4.92 5.24 5.36 
100.89 99.70 100.16 

CONSOLIDATION 


The variable sizes and angularity of the grains permit close packing 
by pressure. Only mica and chlorite show orientation, and particles 
of these minerals parallel the bedding planes. There has been some 
cementation by CaCOs, but it is localized in the concretions. Except 
in them, acid consistently fails to show any carbonate. Limonite 
also acts locally as a cement to form the “ferruginous” concretions. 
There is no evidence of other cements. 

ORIGIN 


The Champlain formation was deposited in a lake or series of lakes 
formed in front of the ice sheet that was retreating along what is now 
the valley of the Connecticut River. The material was derived almost 
entirely from the melting of the ice, and consisted of the finest portions 
of the glacial load. Any land adjacent to the lake also contributed 
material. 

Undoubtedly, the stream flowing from the ice front was a typical 
milky glacial stream. Its load of sand, silt, and clay was carried to the 
lake; the silt was spread over the floor, and the finest particles (those 
of clay size) remained in suspension, due in part to the fresh water of 
the lake, which lacked the coagulating power of salt water. The reten- 
tion of the finest sediment in suspension is in accord with the result of 
studies of thermal] stratification by Kindle.® He showed that the finest 
sediments are held in suspension in the warmer upper waters (the 
epilimnion zone), which permits their wide distribution during the 
summer; and that in winter, with the lowering of the temperature until 
all parts of the water are essentially the same, this suspended material 
sinks to the bottom. 


®°E. M. Kindle: Thermal stratification, Roy. Soc. Canada, Tr., ser. 8, vol. 21 (1927) p. 1-18. 
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Excessively warm periods in the summer meant a maximum of melt- 
ing and consequent floods that carried coarser material far over the 
lake floor. Ensuing cooler periods and consequent slower melting per- 
mitted the settling of some of the finest silt. These periods of rapid 
deposition alternating with slower deposition produced the laminae of 
the silt layer. As autumn approached, excessive melting was less fre- 
quent; hence, the material deposited was the finer and finer silt particles. 
During the winter, when the lake was undoubtedly frozen over and 
little material was being contributed by the glacier, the very finest silt, 
and then clay, settled out to form the winter layer. This settling dur- 
ing the winter is again in accord with Kindle’s conclusions. He found 
that with the freezing over of a lake the water has a uniform tempera- 
ture from top to bottom, and in such water the settling of the finest 
particles (even colloidal particles) might occur. He noted also that 
this period was longer than the summer period, allowing additional time 
for settling. The rare laminae found in the winter layer of the varves 
were probably produced in winters sufficiently mild to induce melting 
of the glacier, with the result that silty material was again spread over 
the lake bottom. There is also a slow melting of the base of a glacier, 
even in winter, and this would doubtless have contributed some mate- 
rial if the bottom of the glacier was in contact with the lake. With the 
coming of spring, the first thaw furnished a load of silt and clay, which 
initiated the summer portion of the cycle of deposition. 

The composition of the silt and clay depended upon the character of 
the load carried by the ice. It is worth noting that the source areas 
contained, in addition to the igneous and metamorphic rocks, some car- 
bonate rocks that furnished clastic particles. As determined by Wal- 
lace,?° the summer layers are higher in carbonate content than the winter 
layers, for the limestone and dolomite particles of silt size would be 
deposited with the silts, whereas most of the clay-sized carbonate par- 
ticles remaining in suspension would probably go into solution in the 
lake waters, especially during the winter, as they settled downward 
through the colder, more highly CO.-charged waters. Thus, the deposi- 
tion of the silt layers might start with a higher content of CaCO, and 
other carbonates. Very possibly, this quantity of CaCO; in the layer 
might be augmented by chemical (and organic) precipitation during 
the summer, as will be discussed later. 

Thus, the formation owes its material to the melting ice sheet; the 
particles of silt size were deposited in summer; and the finer particles, 


1 R. C. Wallace: Varve materials and banded rocks, Roy. Soc. Canada, Tr., sect. 4 (1927) 
p. 109-118. 
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remaining in suspension until the winter period, then had ample oppor- 
tunity to settle to the bottom to form the clay layer. 


AGE 


The Champlain formation is late Pleistocene in age, having been 
deposited during and after the retreat of the ice sheet. Some geologists 
maintain that it was wholly afterward, but the writer believes there 
were occasional re-advances of the ice during its retreat, and that it 
was during some of these advances that the ice rode over the recently 
deposited beds and produced local deformation. 


THE CONCRETIONS 
GEOGRAPHIC DISTRIBUTION 


Though many exposures were studied not half of them contained con- 
cretions in place. Many localities, however, furnished a wealth of 
excellent material. 

Concretions of variable shapes were found at St. Johnsbury, Ver- 
mont. At East Ryegate, Vermont, small ones were found in an old clay 
pit; great numbers of extremely varied forms were exposed in adjacent 
highway and railroad cuts, about half a mile north of Wells River, Ver- 
mont. A good exposure with a fair number of concretions (some show- 
ing folding) was found at the Vermont end of the bridge over the Con- 
necticut River between Wells River, Vermont, and Woodsville, New 
Hampshire. A few small concretions occur in an excellent exposure in 
an old pit about two miles west of Wells River along United States 
Highway 2. 

One of the best localities for “ferruginous” concretions is along 
State Highway 10 in New Hampshire, about halfway between Lisbon 
and Bath. Though several other excellent exposures occur along this 
highway, they are largely barren of concretions. 

Concretions have been reported from the formation near Norwich, 
Vermont, and Hanover, New Hampshire, but none could be found 
there by the writer. The experience of not finding reported exposures 
was repeated many times; such exposures, noted many years ago, 
have been eroded away, buried under slumped material, or entirely 
overgrown with grass, shrubs, or even trees. A cut (United States 
Highway 5) just above the high school building at White River Junc- 
tion, Vermont, contains some concretions, as does also a clay pit at 
the brick plant across the river in Lebanon, New Hampshire. Sand- 
stone concretions occur in an exposure two miles south of Windsor, 
Vermont. About five miles south of Mt. Ascutney, Vermont, along 
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the same highway, a limited exposure contains some small concretions. 

Many fine concretions were found in place in the clay pit of an 
abandoned brick yard in the southern part of Putney, Vermont. 
Some excellent ones occur also in exposures at the top of the banks 
on both sides of Canoe Brook, about two miles south of Putney. 
Those on the north side of the brook are all small, though extremely 
variable in form. 

Although occurrences are reported from several localities between 
Putney, Vermont, and Sunderland, Massachusetts, the only place 
where excellent collections could be made, due to high water, was on 
Saw Mill Creek, about four miles southwest of Montague, Massachu- 
setts. In the many exposures along the river and in clay pits from 
Sunderland to below Springfield, Massachusetts, no concretions of any 
size or importance were found. A few were found in a clay pit at 
Northampton, Massachusetts. Some of the exposures in these locali- 
ties are excellent examples of varved clays. 

At Windsor, Connecticut, a few concretions were found in a clay 
pit that has been worked for more than 100 years. A pit in the west 
part of Windsor Locks, Connecticut, however, proved to be a much 
better locality. The concretions there are abundant in the dominant 
red beds of the area, and are fairly numerous also in the beautifully 
varved gray beds. Both deposits afford excellent opportunities for 
study of the mode of occurrences of the concretions. 

An extensive exposure of the formation is found at a brick plant 
in the northern part of Hartford, Connecticut. Concretions are not 
equally abundant in all parts of this exposure, but where they are 
found they offer excellent opportunity for detailed study. The large 
clay pit in West Hartford proved to be one of the best localities 
studied, and also offered unexcelled opportunities of getting at the 
details of the concretions, both horizontally and vertically. At the 
most southern exposure visited, a pit two miles north of Berlin, Con- 
necticut, only a few specimens were found. 


MODE OF OCCURRENCE 


In the varves—tThe concretions are confined almost entirely to the 
sandy or silty layers of the varves. None was found in the pure clay 
layers, though a concretion close to the clay layer may have pene- 
trated it slightly or even to the extent of four or five millimeters if 
the transition from silt to clay was gradual. Concretions may occur 
in the lower, central, or upper portions of thick (20 millimeters or 
more) layers, but much more commonly they fill the entire layer, as 
most of the layers are thin (4 to 8 millimeters). They usually occur 
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with the longest axis parallel to the bedding planes, the exception 
being the comparatively rare spheres. A definiteness of position is 
characteristic, as only rarely are concretions distributed irregularly 
through a layer. Each locality has a dominant mode of occurrence. 


Horizontal—One of the first facts determined was the horizontal 
distribution of the concretions within the silt layers. The ease with 
which a clay layer can be stripped (Pl. 139, fig. 1) from the under- 
lying silt layer (single clay layers were removed in sheets 75 centi- 
meters square) made it possible to study every detail of the horizontal 
distribution. The concretions are not regularly spaced (PI. 140, fig. 1), 
with one possible exception, noted below. Even where all the concre- 
tions are of the same shape and size, they are irregularly distributed. 
Clusters are common. These consist of two or more concretions, 
similar or dissimilar in form and size. There is no regularity of 
spacing within a cluster. 

The only semblance of regularity of spacing is in the occurrence 
of concretions along ripple marks (PI. 138, fig. 1, and Pl. 140, fig. 2), 
and this regularity is due merely to the fact that the ripple marks 
had a rude parallel spacing and the concretions developed along (and 
across) them. The concretions are not equally spaced along a given 
ripple mark, which shows that the regularity is due to a structural 
feature of the layer and not to the process of deposition of the con- 
cretions. 


According to form.—Similarity in form within a layer is the most 
notable and interesting feature. Whatever the shape, it is always the 
dominant one in any particular layer, though in size there may be 
variations (see Table 2; Pl. 140; Pl. 141, fig. 1 and fig. 2, nos. 21 
and 27). 

Concretions of adjacent varves may or may not be similar in form. 
As most of the concretions are flat, due to the thinness of the silt 
layers, however, the major differences in form are those in plan. The 
closest approach to a common similarity in adjacent varves (both 
above and below) was found in the ripple-marked beds at West 
Hartford, Connecticut. In most occurrences, each layer was a king- 
dom unto itself. In the deposits of Saw Mill Creek, Massachusetts, 
one layer would contain disks (5 to 8 centimeters across); the next, 
spheroids (3 centimeters in diameter) ; and the next, long bladed forms. 

Concretions in different localities are dissimilar in shape, though, 
of course, all the concretions tend toward rounded, elliptical, and 
disk-like forms. Specimens from different localities are so distinctive 
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FicureE 1. COoNCRETIONS 
Similar in form and irregular in spacing. Shows, also, small initial ferruginous forms 
(dark) and large forms consisting of later growth about such initial forms. 
Putney, Vermont. 


FicurE 2. CONCRETIONS ALONG RIPPLE MARKS ON FLOOR OF CLAY PIT 
Great abundance of concretions on one plane is evident. Note large concretions. 
West Hartford, Connecticut. 


CONCRETIONS IN PLACE 
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in form, however, that they can be easily identified according to 
locality. 

Vertical—Inasmuch as the varves are similar in a given deposit, 
one might expect the concretions to occur rhythmically, but they do 
not. Out of 100 successive varves at one locality, only one to five 


TaBLe 2.—Diameter and thickness of 22 concretions occurring 
in a space of 1 by 2 meters 


Diameter Thickness 

Number (mm.) (mm.) 
725 10.0 
67.1 9.6 
80.2 11.0 
8738 113 
73.2 10.4 
80.0 112 
814 11.0 
83.3 . 11.0 
80.3° 114 
81.4 103 
82.2 10.3 
84.7 10.7 

Average ...... 799 10.54 


*A double form. 


layers may contain concretions; in another locality, however, fifty 
varves may contain from five to fifteen concretionary layers. At 
West Hartford, Connecticut, a vertical interval of ten to thirteen 
varves was noted, which suggests a rhythmic sequence corresponding 
to the 11-year sun-spot cycle; but concretions were also found there 
at much shorter intervals. However, the writer believes that a careful 


* measurement of the varves would reveal evidence bearing upon 


rhythmic changes in climate, and that a greater abundance of concre- 
tions would be associated with the warmer periods. 
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RELATIONSHIP TO ENCLOSING BEDS 


Significance.—The relationship of concretions to the enclosing mate- 
rial is significant because it bears upon the time of origin (7.e., whether 
the concretions were formed contemporaneously with the beds and 
buried with them, or were formed subsequently) and upon the method 
of growth (whether by cementation of the previously existing material, 
or by its displacement or replacement). 


Contact.—The contact of the concretions and the enclosing beds is 
consistently a sharp one, only the few soft concretions having a tran- 
sitional zone. The concretions come out of the silt easily, with more 
or less material adhering to them, which may be readily washed off. 
The line of demarcation between the concretions and the silt is due 
only to differences in composition and hardness, the result of cementa- 
tion of the concretions. 


Color.—The concretions have the same color as that of the enclosing 
material, most of which is gray, except in the southern part of the 
valley, where the formation is commonly red or pink. Specimens that 
have been long weathered out may be slightly lighter in color than the 
enclosing beds, due to bleaching. The few “ferruginous” concretions 
have a different color (yellowisk-brown to brown) from that of the 
silts, and a few of the calcareous concretions contain a little iron 
carbonate which has been somewhat oxidized, giving those concretions 
a yellowish-brown tint. 


Cementation.—The bedding planes and laminae of the silt layers 
continue uninterruptedly through the concretions, which shows that the 
concretions are the result of local cementation of the origina] materials 
of the enclosing beds. Further evidence of this is found in the fact 
that concretions formed in disturbed beds preserve in perfect detail 
the folds and faults of the enclosing layer. The concretions are 
simply cemented portions of the enclosing layers. The only difference 
in composition lies in the cementing material. 


Displacement or replacement.—There is no evidence of displacement 
of varves by concretions. The layers do not arch over or cup under 
the concretions, nor crumple at their ends or sides. The fact that 
all details of the enclosing layers occur also in the concretions, as well 
as that the same materials occur in both, is proof that replacement 
of the beds by the concretions has not occurred. 
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FORM (OR SHAPE) AND SIZE OF THE CONCRETIONS 
GENERAL STATEMENT 


In general, concretions are rounded aggregates, but, even assuming 
a perfect sphere as the initial shape, a great variety of forms may be 
derived by simple modifications and space limitations. Superimpose 
additional growths (also rounded) upon any one of the original 
rounded forms and then introduce a third factor, union of forms, and 
the result is a bewildering array of shapes. The following outline 
presents the major types of the Champlain concretionary forms: 


Simple Types 
Spherical forms 
Disks 
Ellipsoids 
Tabular ellipsoids 
Bladed forms 
Circular forms 
Irregular forms 


Compound Types 
Double (bilaterally symmetrical) forms 
Triple forms 
Quadruple forms 


Complex Types 
Nodal forms 
Aggregates 
Folded forms 
Sheets 


SIMPLE TYPES 


Spherical forms—Small (diameter, 2 to 4 millimeters) concretions 
are usually spheres (Pl. 141, fig. 2, nos. 1 and 2) and are apparently 
initial forms. Few spherical forms with diameters greater than five 
millimeters are true spheres; they are spheroids (Pl. 141, fig. 2, nos. 
6, 7, 9, and 10). Such forms are usually smooth, though some have 
nodes (Pl. 141, fig. 2, nos. 6, 7, and 10). Though spherical forms 
are not common, in a few localities where only a limited number of 
concretions occur they predominate. 


Disks——Disk forms (Pl. 141, fig. 1, fig. 2, nos. 12 to 27; Pl. 142, 
fig. 1), which may be developed from spherical forms by an increase 
in width of the equatorial zone, are numerous, due, of course, to the 
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prevailing thinness of the silt layers. These flat forms commonly 
have on their surfaces rings or zones (Pl. 142, fig. 1; Pl. 143, fig. 2, 
nos. 15 and 16; Pl. 145, fig. 2) which show how the lateral growth 
proceeded. Some disks show several of these growth rings. Some 
disks are perfectly circular in outline (Pl. 141, fig. 1), but most of 
them are not. The disks may be flat from center to edge or may slope 
evenly or unevenly. The edges of the disks may be very thin and 
sharp or rounded, with all gradations. There are innumerable modi- 
fications of the disk form. In some, the modifications occur on the 
upper surface; in some, on the lower. A few disks show small rounded 
nodes (see four specimens, Pl. 141, fig. 1). The modified forms merge 
into the irregular-shaped forms, noted later. 

In many of the disks, the ratio of the thickness to diameter is as 
high as one to ten or twelve. Most of the forms are 8, 10, or 12 
millimeters thick. The largest disk the writer has seen is in Mrs. 
Sheldon’s collection at Deerfield, Massachusetts. It is 13.7 milli- 
meters in diameter, and came from the Saw Mill Creek locality nearby. 
A concretion, 11.5 millimeters in diameter, from Norwich, Vermont, 
is in the collection at Amherst College. A specimen, 10 millimeters 
in diameter, from West Hartford, Connecticut, was the largest found 
by the writer. The disks range from these large sizes down to forms 
two or three millimeters in diameter. The disk forms are extremely 
common in practically all the localities, but especially so at Hartford, 
Connecticut, Saw Mill Creek, Montague, Massachusetts, and Wells 
River, Vermont. 


Ellipsoids—The ellipsoids (Pl. 142, fig. 2, nos. 1 to 3) are forms 
in which one of the lateral dimensions exceeds the other and both 
exceed the vertical. These forms are generally more rounded than 
many of the disks. A common size of these concretions is 10 by 20 by 
30 millimeters, but, of course, there are many variations. On the 
whole, ellipsoids are smaller than the disks, and show less divergence 
in shape and size. They rarely show growth rings. 


Tabular ellipsoids.—Tabular ellipsoids are, as their name implies, 
flattened ellipsoids (Pl. 138, fig. 1; Pl. 140, fig. 2). They may be six 
or eight centimeters long, half as wide, and about one centimeter 
thick. These forms present essentially the same features as the ellip- 
soids. 


Bladed forms.—The name “bladed” has been given to a4 relatively 
small group of long finger-like concretions (Pl. 142, fig. 2, nos. 4 to 6). 
The best examples of this form were found at Saw Mill Creek, Massa- 
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chusetts, and Wells River, Vermont. Specimens from Saw Mill Creek 
attained sizes of 19 by 3 by 1.5 centimeters. At Wells River, some 
incomplete specimens 30 centimeters long were found. The specimens 
from Saw Mill Creek are nearly straight and are smooth rounded 
forms; those from the other locality are crooked but are rounded on 
the edges. All attempts to find these forms in place failed; hence, 
their position within a layer could not be determined. Cemented 
sands give rise to forms with a bladed character, though they are much 
more irregular (Pl. 145, fig. 1, no. 1). 


Circular forms.—At St. Johnsbury, Vermont, forms that are nearly 
complete rings (Pl. 144, fig. 1, no. 16) occur in a sandy phase of the 
formation. The diameter of these ring forms ranges from 10 to 18 
centimeters, and the width of the ring itself from 3 to 5 centimeters. 
Smaller circular forms completely surrounding root-holes occur, also, 
in a few of the localities. 


Irregular forms.—There are great numbers of forms even among the 
simple types which, although rounded, do not possess a dominant shape 
and so must be classed as “irregular.” This group includes any simple 
unsymmetrical form. Some of these forms are 20 to 25 centimeters 
long. 

COMPOUND TYPES 

-Double, or bilaterally symmetrical, forms.—It was early observed 
that many forms among the Champlain concretions were merely the 
result of the union of two or more simple symmetrical (or even un- 
symmetrical) forms. The double forms are so equally developed as 
to possess a bilateral symmetry. Specimens of these bilaterally sym- 
metrical forms are to be found in museum collections everywhere, 
which creates an impression of undue abundance, as they are actually 
of rare occurrence. 

“Bilaterally symmetrical” accurately describes these forms, though 
in few of them is the symmetry perfect (Pl. 141, fig. 2, nos. 5 to 6; 
Pl. 143, figs. 1 and 2; Pl. 145, fig. 2, nos. 4 to 7). The initial double 
form consists of two simple concretions, united by an extension of 
nodes upon them. This form closely resembles a lemniscate or figure 
eight. In most of the double concretions, however, the connection is 
a bar, the form being a modified lemniscate. As ideally developed, 
the outline of this form consists of two semicircles joined by two equal 
reverse curves on each side (PI. 143, fig. 1, no. 21). This form is a 
beautiful object. The majority of the simple double concretions ap- 
proach this shape, though in some of them the double reverse curves 
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have been gradually flattened (Pl. 143, fig. 2, no. 2; and Pl. 145, fig. 2, 
no. 4) until the semicircles are connected by nearly straight lines 
(tangents to each). Some of the bilateral forms could not have been 
differentiated from the simple tabular ellipsoids had they not retained 
evidence on either the upper or the lower surface of the initial con- 
cretions (Pl. 138, fig. 1). Further growth along the sides would have 
developed a typical tabular ellipsoid or Cassinian oval. It should 
be noted that not even one double form was found which consisted 
originally of two oval or elliptical forms that touched; there had 
always been an addition of material between the original forms. 

The individual parts of the double concretions are usually disks 
or ellipsoids, less commonly spheroids, and rarely other forms. Flat 
bars connect the disks and ellipsoids, producing flat double concretions 
(Pl. 145, fig. 2, nos. 5, 6, and 7); round bars unite the spheroids 
giving dumb-bell-like forms (Pl. 144, fig. 1, nos. 6 and 7). Careful 
measurements of the diameter and thickness of each end of the appar- 
ently bilaterally symmetrical concretions showed that they were not 
exactly alike. Table 3 gives the measurements of the most perfect 
specimens of these concretions found, which was at Wells River, 
Vermont. 


Taste 3.—Measurements of the most perfect bilaterally 
symmetrical concretions found 


One end Other end 
(diameter in mm.) (diameter in mm.) 
16.1 
152 
14.5 
17.7 
16.6 


Few perfect specimens were found, which fact, however, would be 
equally true among bilaterally symmetrical organisms. 


Triple forms.—Not uncommonly, forms are seen to consist of three 
simple concretions connected by bars. In a few such forms, the 
simple concretions are nearly in a line (PI. 1438, fig. 2, no. 5), and 
in others they are at some angle (PI. 143, fig. 2, no. 6; and Pl. 135, 
nos. 4, 6, 7, 9, and 10). In one very fine triple form, they are at 
the corners of an equilateral triangle (Pl. 144, fig. 1, no. 5). Later 
growths on the bars of some triple forms have given rise to compound 
shapes of much beauty. 
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Quadruple forms.—The nearest approach to a quadruple form among 
the concretions was noted in a few specimens in which two double 
forms had crossed. It was somewhat uncertain, however, that one of 
these forms was not wholly later. 

COMPLEX TYPES 
General statement.—Complex forms are abundant in certain locali- 


ties, notably Wells River, Vermont, and Windsor Locks, Connecticut, 


but they are present in essentially all productive exposures. These 
types are aggregates of simple and compound forms more or less 
modified by subsequent growth. They could only be called “com- 
plex,” for they possess no dominant elements of symmetry that would 
permit their being classified more specifically. These concretions ex- 
hibit a great range in size. Some of the larger ones are 30 centi- 
meters or more in length. 


Nodal forms.—Forms bearing many nodes are chief among the com- 
plex forms. The nodes may be anywhere on a concretion, but on 
those in the thin layers they are usually lateral (Pl. 141, fig. 2, no. 11). 
There may be any number of nodes, and they may be very large, even 
occasionally overshadowing and enveloping the initial form. Thus, 
the nodal forms are irregular, and some of them are surprisingly 
imitative of life forms and other familiar objects (note profile of 
no. 6, Pl. 144, fig. 2, and no. 5 on same plate and figure from direction 
indicated by arrow). 


Aggregates——Many of the aggregates are too complex to be de- 
scribed. Botryoidal aggregates (Pl. 144, fig. 1, nos. 1 and 3) occur, 
the spheres of which range in size from 0.2 to 10 millimeters or more 
across. Other growths are superimposed on these. Aggregates of 
disks and later additions give rise to extremely varied forms. At 
Windsor, Vermont, aggregates formed in sand have reproduced cross- 
bedding and other structural features. 


Folded forms.—Unique folded forms (PI. 145, fig. 1, nos. 2, 4, and 5) 
are found in folded varves. That these concretions were formed later 
than the folding and faulting is shown by their preservation of every 
detail of the disturbance of the beds (Pl. 145, fig. 1, no. 5). 


Sheets——Large sheets of concretionary material occur at Wells 
River and Putney, Vermont. At Wells River, such sheets are solid 
(Pl. 135, nos. 14, 15, 17, 18, and 19), but at Putney they are per- 
forated, being really a network (Pl. 145, fig. 1, no. 3). The exposed 
part of one such network covers several square feet, and probably 
continues indefinitely along that horizon. 
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FEATURES OF THE CONCRETIONS 
EXTERNAL 


Most of the concretions are smooth, but a few (as some of those 
at St. Johnsbury, Vermont) are rough. The small surface features 
are excellently shown on the weathered specimens, better even than 
on specimens that had been etched with acid. Less firmly cemented 
layers or laminae in some concretions are more easily eroded, and 
this is shown by re-entrants, usually on the upper surfaces of the 
concretions. The edges of the more firmly cemented layers thus stand 
out as rings (see Pl. 141, fig. 1). Other surface rings, noticeable 
usually on the lower surfaces of concretions, are “growth” rings, being 
due to subsequent lateral additions of material (Pl. 142, fig. 1). Many 
of the concretions show small larval markings on their lower surfaces 
(Pl. 142, fig. 1, no. 5; Pl. 148, fig. 2, nos. 15 and 16). The rough 
surfaces of some concretions are due to the growth of nodes or parts 
of layers upon them; of others, to pebbles (some as long as 10 centi- 
meters) attached to their lower surfaces (Pl. 143, fig. 2, nos. 17 
and 18). 

Unusual surface marking was noted on the concretions in a clay 
pit at Putney, Vermont (PI. 143, fig. 2, nos. 13 and 14). It con- 
sisted of a series of parallel lines, two to three millimeters apart, 
extending continuously across all the concretions in the exposure, and 
being wholly uninfluenced by any of their other features. These mark- 
ings were evidently secondary to the formation of the concretions, 
and due to the movement of solutions through the beds, probably after 
the pit was excavated. 

INTERNAL 

Megascopic study.—Concretions originating through cementation 
are usually free from internal structures that are not inherited from 
the original materials, and, as already noted, the bedding planes or 
massiveness, cross-bedding, folds, and faults of the Champlain beds 
are all excellently preserved in the concretions. Color banding of 
some of the “ferruginous” concretions and, less commonly, the calca- 
reous forms containing iron are about the only features that developed 
during or after the growth of these concretions. 

Though a nucleus is commonly regarded as essential to the forma- 
tion of concretions, the author found no evidence of any in the many 
concretions he sectioned for this purpose. A few specimens contained 
small pebbles, but the growth was not centered about them. These 
pebbles were merely constituents of the silt, wholly or partly (the 
more common occurrence) surrounded, in the same manner as were 


ay 
+ 


FEATURES OF THE CONCRETIONS 1515 


the smaller particles. The curvature of the bedding planes of the 
silt around these pebbles is preserved in the concretions. Some con- 
cretions at Putney, Vermont, and Windsor Locks, Connecticut, show 
an initial ferruginous form partly or wholly surrounded by later 
growths. 

There is no evidence of concentric banding save in those few con- 
cretions that show a light or dark line between the initial forms and 
the subsequent growths. Some specimens show only the inner form, 
but, in a few, successive layers are faintly marked also. When this 
type of banding occurs, similar concretions in a locality usually 
show it. 

A few concretions at Windsor Locks, Connecticut, contain cracks 
like those of septaria. Other concretions had been cracked and rece- 
mented. Rarely, some of these concretions contain small holes (one 
or two millimeters in diameter), some of which pass entirely through 
the concretion. The polished sections of some bilateral forms from 
Wells River, Vermont, show an unusual yet highly significant feature. 
The borings or tracks made by the larvae of dipterous insects are 
preserved throughout the concretion except in the two initial forms 
in each end. The origin of this feature will be discussed later. 


Microscopic study.—Numerous thin sections were made of the con- 
cretions, in the hope that some of the internal details could thus be 
better seen, but the results were disappointing. Sawing the concre- 
tions and then polishing or etching the surfaces proved to be a far 
more efficient means of revealing the internal structure. The only 
additional information the microscope yielded was the verification 
that CaCO, cemented the silt (and clay) particles, and that the 
mineral composition, texture, and other features of the concretions 
were the same as those of the enclosing silt layers. 


COMPOSITION OF THE CONCRETIONS 
GENERAL STATEMENT 
There are two kinds of concretions in the formation: the common 
ones, composed of calcium carbonate cementing the materials of the 
sands and silts; and the other, much less common, group, known as 
“ferruginous” concretions, that contain aluminum, iron, and manga- 
nese oxides as the cement. 


CALCAREOUS CONCRETIONS 


The calcareous concretions are all very similar in composition. 
Naturally, they do not all contain the same percentage of CaCO, as 
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the silts vary in porosity. The concretions containing small amounts 
of CaCO, are soft and friable. The CaCO, content has little or noth- 
ing to do with the shape of the concretions. Innumerable tests of the 
silts and clays about the concretions showed that all except those 
at St. Johnsbury, Vermont, are essentially free from CaCOs. 

The calcareous concretions usually contain small amounts of alu- 
minum, iron, and manganese oxides in addition to the dominant CaCO, 
cement. The insoluble residue and the R.O, (it was found that the 
manganese oxide was dissolved by the HCl and precipitated with this 
group) were determined for a number of specimens, and the differ- 
ence between the percentage amount of these two constituents and 
100 per cent was taken to represent quite accurately the percentage 
of the carbonate cement. The insoluble residue and the R,O; aver- 
aged 50 per cent for the specimens determined, and a like result was 
obtained in the analyses given in Table 4. 

The following partial analyses were made to determine the amount 
of CaCO;. No attempt was made to determine the alkalies or MgO, 


Taste 4.—Partial analyses of two typical concretions from Vermont 
(Analyst, Clifford T. LaRoge) 


Wells River Putney 

Per cent Per cent 

Insoluble residue .......... 42.79 35.61 

22.56 26.55 
Volatiles 

(COs 22.14 23.63 


though the presence of the latter was noted. The substances deter- 
mined constitute most of the material of the concretions, and it will 
be noted that their total in the two specimens is very similar. The 
writer averaged a series of duplicate analyses from Mrs. Sheldon’s 
paper ™ and the results are shown in Table 5. 

In these analyses, the CaO + MgO content is usually in excess of 
the quantity of CO, needed to form CaCO; and MgCO;. In nearly 
all specimens, however, there was sufficient CO, for the CaO, and in 
some there was enough for some of the MgO. It is evident that 
parts of the MgO and CaO were present in some form other than the 
carbonate. 


uJ. M. Arms Sheidon: op. cit., p. 29. 
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Taste 5—Complete analyses of some concretions from Massachusetts 
(Analyst, I. F. Hyams) 


Concretions from from 
i t 


Concretions from Rices e Concretions from 
Saw Mill Creek (east bank) river bottom Inland Hill 
1 2 3 4 1 2 3 1 2 3 1 2 3 
28.12/28. 26/29. 16/28. 99/19. 126]18.69/19. 23/27 . 80/27 . 41/27. 99/31. 12/31.07/35.10 
3.84] 3.34) 4.31] 4.09] 6.16 | 5.89) 6.10] 4.16) 4.14) 3.99) 4.46) 6.00) 3.69 
8.88]13.72 10. 86}10.60}10.13 
25. 50)26 . 44/27 .74/27 .42/31.47 30.49 
1.11] 1.96} 1.98} 1.97) 2.25 | 2.09} 2.35) 2.00) 1.73] 2.07 
4.64) 4.36) 5.25) 5.11) 5.44 | 5.37] 5.31) 4.35] 4.19] 4.12] 4.25) 3.90 
21.68/21.11/21.52/21.27/25.25 |23.76/24.53/22.30/20.00 22.18]19.71 19. 82/19.95 


Percentages of CaCO: and MgCO; calculated from the above data 


51.07/51.80|47 50\60.20]44.5 44.75145.2 
2.30 0.68} | 0 | 0.84 2.50) 3.26] 2.61 


Emerson ?” gives an average analysis of five concretions from Massa- 
chusetts and thirteen from Vermont (Table 6). 


TaBLe 6.—An average analysis of 18 concretions 


Constituent Per cent 
100.0 


Four analyses given by Hitchcock ** show 42.1, 48.4, 49.9, and 56.6 
per cent CaCO, (average 49 per cent). Other analyses are available; 
all show from 35 to 53 per cent CaCO;, and that MgCO, is always 
present in small amounts. The presence of FeCO; was shown by 
qualitative tests the writer had made of concretions from Putney, 
Wells River, and Ryegate, Vermont, and Windsor Locks, Connecticut. 


12B. K. Emerson: op. cit., p. 790. 
18 Edward Hitchcock: op. cit., p. 96, 406-418. 
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It is not improbable that the manganese, also, was in the form of the 
carbonate. 

The calcium carbonate content of 35 to 56 per cent for these con- 
cretions is similar to the percentages (40 to 50) of CaCO, in the 
“calcite crystals” in sandstone, such as those found at Fontainebleau, 
France, and in the Bad Lands of South Dakota. Likewise, from 45 
to 53 per cent of barite and gypsum have been reported from “sand 
barites” and gypsum concretions. 

As the microscope shows that the CaCO, fills the interstices of the 
silt in the concretions, the 35 to 53 per cent of cement is significant, 
as this percentage fits rather closely the maximum porosity of a silt. 
In fact, the porosity of most clastic sediments is less than 50 per 
cent, unless they contain considerable water, as these silts probably 
did. The introduction of more than 50 per cent of CaCO; would have 
resulted either in a disturbance of the beds about the concretions 
or in replacement. That there was this excess, however, in some con- 
cretions suggests that some CaCO, was present as grains among the 
other silt particles before the introduction of the cement. These grains 
may have acted as nuclei, though indiscernible. 


“FERRUGINOUS” CONCRETIONS 


The concretions of the less common “ferruginous” type belong in 
two groups: one, the round, elliptical, or disk forms, containing alu- 
minum, iron, and manganese oxides as cement; and the other, unim- 
portant forms (developed around roots) containing only iron oxide 
cement. The amount of cement in these concretions is surprisingly 
small compared to that in the calcareous concretions. 

The Al-Fe-Mn concretions (found in a cut on State Highway 10, 
about 4 miles southwest of Lisbon, New Hampshire) are of excep- 
tional interest because of their unusual composition. Their dark 
brown to almost black color suggested a large amount of iron (and 
possibly manganese), but the following analysis shows that the amount 
of alumina greatly exceeds that of both the other constituents. The 
Al.O;, Fe.0O;, and MnO, were all easily soluble in dilute HCl, as is 
seen also by analyses given in the Sheldon paper. Tests showed 
that this ready solubility of the Al-Fe-Mn oxides was characteristic 
of all concretions of this group. The three compounds are doubtless 
present in colloidal form. After they are removed from a concretion, 
there is a residue of silt of the same color as that surrounding the 
concretion. The silt adjacent to the concretion whose analysis is 


14 J. M. Arms Sheldon: op. cit., p. 34. 
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given in the Table 7 contained 9.21 per cent of soluble R.O;. This 
R.O; consisted of a still larger relative amount of Al,O, than did 
that of the concretion, which accounts, of course, for the lack of a 


TasLe 7.—Analysis of an Al-Fe-Mn concretion 
(Analyst, Clifford T. LaRoge) 


Constituent Per cent 


brown color in the silt. Such a large percentage of readily soluble 
Al,0, in both the concretions and the silt is unusual. Analyses of 
the calcareous concretions actually show larger (in some of the Shel- 
don analyses, two or three times as much) amounts of Fe.0,; and MnO, 
than do these apparently highly ferruginous concretions. This is, 
of course, due to the great coloring power of the limonite and man- 
ganese oxide of the “ferruginous” concretions and to the fact that 
the iron and manganese of the calcareous concretions are in the form 
of the carbonate. 


AGE OF THE CONCRETIONS 


The restriction of the concretions to the porous silt layers of the 
varves; their internal structure, with its perfect reproduction of the 
details (stratification, folding, faulting) of the layers; and the com- 
plete absence of any disturbance (arching, cupping, crumpling) of 
the layers, such as would have resulted from syngenetic growth and 
burial of the concretions; all are factors that prove these concretions 
to be epigenetic (some may be penecontemporaneous). The CaCO, 
and Al-Fe-Mn oxides, which form the concretions, were deposited in 
the interstices of the silt after the beds were consolidated and after 
any disturbance, such as folding and faulting, had occurred. The 
concretions bear no evidence of recent periods of growth. 


ORIGIN OF THE CONCRETIONS 
GENERAL STATEMENT 


The study of the external and internal features of the concretions 
and their mode of occurrence and composition has shown that they 
are the result of local cementation of the silt layers by calcium car- 
bonate or by aluminum, iron, and manganese oxides. The concretions 
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are, therefore, penecontemporaneous and epigenetic deposits. The 
problem of how these concretions originated involves an explanation 
of the source of the cement and its transportation and deposition, 
the restriction of the concretions to certain layers, and the origin of 
the innumerable concretionary forms. This study has furnished the 
answer to most of these problems, but for some at present only deduc- 
tive interpretations are possible. 


PREVIOUS VIEWS 


Though these concretions have been observed for more than 100 
years, a long period intervened between the studies of Hitchcock and 
Adams and those of Emerson, and J. M. Arms Sheldon. All these 
investigators held essentially the same view as to the origin of the con- 
cretions, although the earlier accounts were brief. 

Hitchcock *?* believed that the CaCO, was brought together by solu- 
tions, and deposited in the interstices of the so-called “clays.” He 
perceived that the variability in form of the concretions was due 
largely to variations in the porosity of the layers and in the amount 
of CaCO, in the solutions. He did not, however, explain the method 
of origin, stating only that the concretions must have been “produced 
by laws as definite as those of crystallography.” Adams ?* believed 
that all the concretions were formed through the aggregation of par- 
ticles according to a “law of concretion” by which spheres or modi- 
fications of spheres were always produced. Actually, both Hitchcock 
and Adams had sufficient facts at their disposal to have enabled them 
to present clear and full accounts of the origin of the concretions had 
not both become confused in attempting to apply so-called “laws.” 

Emerson ?’ also ascribed the origin of the concretions to the trans- 
portation of CaCO, by solutions through the “clays,” and he regarded 
the direction of movement as controlled by the physical properties 
of the material. He thought that diffusion was important and seemed 
to regard a nucleus as essential. The form, he stated, was due to 
causes “external to the concretion, itself, namely the constantly vary- 
ing permeability of the clay in its different parts and the decompo- 
sition of its constituents.” He believed that, once started, subsequent 
growth was on the outside of the concretion. 

From her many analyses of the concretions, Mrs. Sheldon ** con- 
cluded that they were formed from CaCO, leached from the enclosing 


%8 Edward Hitchcock: Final report on the geology of Massachusetts, vol. 2 (1841) p. 406-422. 
1% C. B. Adams: op. cit., p. 111-119. 

17B. K. Emerson: op. cit. 
18 J, M. Arms Sheldon: op. cit. 
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matrix. Deposition, she said, was in the openings of the silt, but she 
did not describe the method. She thought that a nucleus may be 
present “in the form of such a minute crystal of calcium carbonate 
that it cannot be detected by the eye,” and declared that “the shape 
of a concretion is partly determined by the structure and composi- 
tion of the matrix which holds it, and by the amount of carbon 
dioxide and other organic acids present.” Her chemical analyses of 
the concretions, made in the hope that they would throw light on the 
origin of the form, she rightly concluded did not decisively solve 
the problem. 

Thus, all who have studied the concretions agree that they were 
formed by deposition of CaCO, in the “clays.” The present writer 
agrees with this concept, but has attempted a detailed account of 
the chemistry of the origin, and also of the factors controlling the 
form. 

CALCAREOUS CONCRETIONS 

Source of the CaCO;.—As has been shown above, the calcareous 
concretions contain approximately 50 per cent CaCO;. Small quan- 
tities of MgCO,; occur in most of them, and in a few there is some 
FeCO; present. The problem is to account for the CaCOs, any other 
substances being due to some local condition, usually indeterminable. 

The CaCO, of the concretions was deposited with the material of 
the varves, dominantly in the silt layers. The clay layers were re- 
markably impervious, as is shown not only by the lack of concretions 
in them but by the extreme rarity with which a concretion has 
adhered to the surface of a clay layer. Furthermore, the capillary 
spaces of the clays were filled with water, which effectively prevented 
a circulation through them. Thus, all circulation of water was con- 
fined to the silt layers. Most of the calcium was originally present 
in the form of carbonate, but silicates were a possible minor source. 
Calcium carbonate was present as clastic grains and as chemically, 
and possible organically, precipitated material, as will be shown. Also, 
there may have been some CaCO; in solution in the water confined in 
the silts. 

The CaCO; was originally clastic material in the glacial debris 
that was derived from the rocks of the Archeozoic, Proterozoic, and 
Paleozoic formations. The coarser particles (possibly equal to, or 
greater in amount than, the fine) of the abraded carbonate material 
were deposited with the other clastic materials that went to form the 
silts, and, possibly, some of the finest particles were deposited in 
the clay layers. Some fine particles, however, were undoubtedly 
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readily dissolved by the cold lake waters (holding much CO.), or, 
due to their fineness, were held in suspension for a long time, which 
would favor their ultimate solution. It is, thus, readily seen why 
the silt layers contained more CaCO, than the clay layers. 

Another source of CaCO, in the silts is that chemically precipitated 
during the summer seasons. The methods by which such precipita- 
tion was brought about have been fully explained by Kindle’s studies *® 
of the deposits in several Canadian lakes. Kindle has shown that 
in summer the CaCO, in the epilimnion zone of lake waters is near 
the saturation point, due to evaporation, photosynthesis (of algae 
and diatoms), and rising temperature, and that, other factors being 
favorable, CaCO; (marl) may be precipitated. The epilimnion zone 
is usually only 10 to 15 feet thick, but rarely may be nearly 20 feet. 
Kindle found also that the cold water of the hypolimnion zone below, 
with its larger content of CO., is a good solvent of the CaCO; deposited 
in it. The silt of the Champlain varves is, however, richer in CaCO; 
than the winter layer, proving that not all the CaCO; passed back 
into solution in this deeper zone. Similar to Kindle’s findings are 
those of Wallace,2° whose analyses of varves showed from 1.16 to 
2.95 per cent more CaO in the summer layers. One sample from the 
Don Valley near Toronto, Canada, effervesced freely with acid, and 
Wallace ascribed the source of this carbonate to beds of limestone 
in the vicinity. 

Of the several sources of the CaCO, in the Champlain varves, that 
deposited during the summer was probably the most important, as 
the quantities from other sources would have remained largely the 
same from year to year. That the various summer layers differed 
in their constituent amount of CaCO, is to be expected, and was 
probably due to variations in the character of the summers. As most 
layers are free from concretions, it would seem that the usual cold 
summers were not, on the whole, favorable for abundant CaCO, pre- 
cipitation. Exceptionally warm summers were favorable. Also, if 
the glacial lake waters were so shallow as to have only the epilimnion 
zone, an abundance of CaCO, (hence, material for future concretions) 
was deposited. Successive warm summers may account for the con- 
cretions in successive layers. 

The total quantity of CaCO, in the different layers containing con- 
cretions was variable, for some layers have only a few concretions, 


19 E. M. Kindle: The role of thermal stratification in lacustrine sedimentation, Roy. Soc. Canada, 
Tr., vol. 21, sect. 4, ser. 3 (1927) p. 1-35. 
2 R. C. Wallace: ibid. 
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and others a great many. Plate 140 gives some idea as to the abun- 
dance of concretions in some layers. Most certainly, the concretions 
form 10 to 15 per cent of these layers, and if, instead of having formed 
concretions, the CaCO, of such layers had been deposited as a bed, 
a layer of limestone, probably 3 to 7 millimeters thick, would have 
been formed. The ripple marks (PI. 140, fig. 2) show that the CaCO; 
was probably deposited in the epilimnion zone. The conditions for 
accumulation of CaCO, must have been very favorable to have formed 
such layers, and all three sources of CaCQOs, discussed above, may 
have been operative. 

It might be thought that CaCO, was originally in all the beds and 
that it had been removed to the present concretion-rich layers. The 
imperviousness of the clay is opposed to such a view, however, although 
a limited amount of CaCO, might have diffused out of it into the 
silt layers. If the CaCO, had been brought in from other layers there 
should be a greater aggregation of concretions at points where solu- 
tions came from above or below, and this is not true. There is no 
evidence of vertical movement of solutions of any type. 

Solution of the CaCO;—Though most of the CaCO, was acquired 
later by solution, some was probably already present in the connate 
water of the summer layers. Before burial, this water had absorbed 
a maximum of CO, (see Table 8) at the low temperatures (0° to 8° 
if depth is more than 20 feet) of the lake bottom. 


TaBLe 8.—Solubility of COs in water of different temperatures 21 


Grams of COs in Liters of CO2 in 
Temperature 100 g. of water at 1 liter of water at 
Degrees, C. 760 mm. pressure 760 mm. pressure 
0.2774 1.424 


The silt layer with its water containing absorbed CO, was sealed 
up by the deposition of the clay layer during the winter. The CO, 
would thus become uniformly diffused, and would unite with any 
available CaCO,, taking it into solution as CaCO,.H.CO;. The 
gas pressure at the point of solution would be reduced, and more CO, 
would thus move to the area of less pressure, and more CaCO, would 


2 Charles D. Hodgman: Handbook of chemistry and physics, 18th ed. (1983) p. 756. 
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pass into solution, especially on account of the prevailing low tem- 
perature. This process would continue throughout the silt layer until 
equilibrium between the CO, and CaCO; had been established, pro- 
vided there was sufficient CaCO, available, as there probably was. 
Once equilibrium was established, no change would occur in the solu- 
tion as long as the temperature remained the same. How long such 
a condition existed unchanged in the silt is, of course, unknown. 


Precipitation of the CaCO;.—Recent studies ? of the methods by 
which CaCO; may be precipitated show that the process is remark- 
ably simple. Earlier studies had shown that even a change of a few 
degrees of temperature would cause a loss of CO, from the bicarbonate 
and bring about precipitation of CaCO , and Gee’s studies, performed 
under perfectly controlled conditions, confirm this earlier work. The 
analysis that the writer has given of the steps leading up to the 
precipitation of the CaCO, in the Champlain silts is based upon physio- 
chemical factors in keeping with these recent studies. 

The earliest precipitation of CaCO, occurred in the waters of the 
lake itself. As has been indicated, one source of the CaCO, of the 
silts was that deposited during the summer as the materials of the 
silt layer were accumulating. Some of the CaCO, in this layer took 
the form of concretions, which are, therefore, presumably penecon- 
temporaneous in origin. Such an origin is proved by the fact that the 
borings of the dipterous larva, while penetrating this layer, as other 
layers, go around the harder concretion. Thus, the concretions are 
shown to have been formed early in the season during which the silt 
layer was deposited. The rise in temperature of the glacial water 
(containing the CaCO;) on entering the lake is undoubtedly the cause 
of this early precipitation of CaCO. ‘ 

The easiest means of bringing about subsequent precipitation of 
the CaCO, would be a rise in temperature of the buried solutions. 
How long the beds remained under the cold waters of the glacial lake 
is unknown. As the ice retreated northward and the land rose, the 
lake was drained, and, the climate having become warmer, heat 
steadily penetrated downward into the cold lake deposits. A river 
(the Connecticut) acquired a course across the old lake bottom, and 
as the area was dissected ground-water circulation was established, 
which accelerated the warming-up process. The equilibrium that had 
been established in the connate waters was upset, due chiefly to the 
increase in temperature which broke up the calcium bicarbonate and 


22H. Gee, E. G. Moberg, D. M. Greenberg, and R. Revelle: Calcium equilibrium in sea water, 
Scripps Inst. Oceanography, Bull., Univ. Calif., Tech. Ser., vol. 3 (1932) p. 145-190. 
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caused the precipitation of CaCO;. The deposition occurred about 
minute scattered grains of CaCO, that had been deposited with the 
sediments and escaped solution; or, such grains having been absent, 
the change in temperature probably carried the saturation point of 
the CaCO, through the metastable stage to the labile stage, bringing 
about precipitation at numerous points within the layer. The irreg- 
ular spacing of the concretions within the layers shows that these 
initial points had no uniform distribution. 

Once the precipitation was initiated, its rate was accelerated by 
the aid of the force of crystallization. Measurements of this force 
are lacking, but deductions have given it a high order of strength— 
i.e., equal to the crushing strength of a given crystalline compound, 
or that shown by ice in bursting water pipes. The linear distance 
through which the force is operative is unknown, but evidence deduced 
in this study indicates that the “pull” may be measured in inches. 
The handmaiden of this force is diffusion; in fact, diffusion may be 
the actual means of transporting the additional particles within the 
supposed area of the “pull” of crystallization. Changes in equilib- 
rium would be recurrent, due to the deposition brought about by the 
force of crystallization or changes in temperature. Deposition was at 
first induced solely by the increase in temperature in the beds, and later 
was augmented by the establishment of an underground circulation. 

It may be argued that all growth followed the dissection of the 
beds and the establishment of a ground-water circulation. The per- 
fectly rounded shape of so many forms (especially the initial forms) 
is opposed to this idea, however, as any movement of the water would 
have been lateral, and, as a result, all concretions would have had 
a greater growth on the side from which the solutions were coming. 
There is evidence of movement of solutions in some later additions 
to the concretions, but in regard to the earlier concretions, all the 
evidence indicates that they were formed simultaneously, while the 
solutions were stagnant. Likewise, in many forms (e.g., discoids) 
showing rings of additional lateral growth due to breaks in deposi- 
tion, no directional movement of solutions occurred. It had only been 
that, following a period of uniform deposition, none had occurred 
until, through diffusion, the amount of CaCO, around the concretion 
had again become sufficient to make deposition possible. Repeated 
depositional periods produced successive growth rings. 

If the interpretation developed in this study of the cause of the 
deposition of the CaCO, in the concretions is true, it is yet another 
example showing that changes in climate have been influential in 
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the formation of certain features of sedimentary rocks. This corre- 
lation of original depositional features (including the penecontempo- 
raneous concretions) with the subsequent physiographic and climatic 
changes is the most satisfactory explanation the writer has been able 
to give for the numerous details of the precipitation and growth of 
the concretions. 

“FERRUGINOUS” CONCRETIONS 


General statement.—Though the occasional circular ferruginous 
concretions of relatively late formation about rootlets were noted and 
specimens of them collected where found, they were not included in 
this study because of their rarity and because of the simplicity of their 
origin—merely the collecting of iron oxides about a rootlet. The only 
ferruginous forms considered here are those containing, also, aluminum 
and manganese oxides, chiefly the former. 


Source of the Al-Fe-Mn oxides.—The “ferruginous” concretions, like 
the calcareous forms, are restricted to the porous silt layers which 
were the source, also, of the Al-Fe-Mn oxide cement. These oxides 
were probably originally deposited with the silts. Kindle’s studies ** 
of McKay Lake in Ontario showed that the pH values of the lake 
water during the summer ranged from 7.0 (nearly neutral or slightly 
acid) on the bottom to 8.2 in the upper or epilimnion zone. This range 
of pH would be favorable for forming a gel of the aluminum, iron, and 
possibly the manganese oxides. It is also possible that these sub- 
stances were deposited in some soluble form, such as the carbonate. 
Springs issuing from the Champlain beds are depositing iron oxides, 
showing that the iron is soluble in the present ground waters. 

As the three oxides have their source in the silts, one would again 
consider the original glacial materials. The soil, subsoil, and under- 
lying rock all contributed materials. Presumably, the soils of the 
region passed over by the ice (whether they were original or developed 
during an interglacial period) were of the podsol type now found in 
that region. This type of soil is formed by the leaching of Al-Fe-Mn 
from the upper horizon and either their removal or their deposition 
below. The plowing up of this horizon by the glacier would incor- 
porate this material in the glacial load. The underlying rocks may 
have contributed some soluble Al-Fe-Mn, but the podsol soils are 
believed to have been the chief source. As noted above, the pH of 
present lake waters in northern climates is such as to favor the forma- 
tion of a gel of these substances; hence, some part, at least, of the 


3%3E. M. Kindle: op. cit., p. 5. 
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material brought down by the glacial waters was deposited with the 
clay. As the concretions of the “ferruginous” type are not numerous, 
conditions necessary for the deposition of their cement must have been 


of rare occurrence. 


Transportation —Although Al-Fe-Mn oxides are commonly regarded 
as relatively insoluble substances, evidence is accumulating (particu- 
larly as a result of podsol studies in northern United States) to show 
that in the zone of weathering they are constantly being shifted about, 
especially by acid solutions or in the presence of organic matter. In 
recent detailed studies of the solubility and transportation of iron, 
Moore and Maynard ** have shown that iron oxides may be trans- 
ported as the ferric hydroxide sol. Manganese is transported in the 
form of the carbonate or sulfate and alumina by acid solutions, but 
both may probably be carried also as hydroxide sols. Thus, all three 
substances might have been transported in solution or as colloids; if 
the latter, there must have been protective colloids present. The silts 
being remarkably permeable, water could have penetrated all portions 
of the layers, and soluble materials could, therefore, have been trans- 
ported from point to point. 


Deposition.—In the formation of a concretion, deposition may have 
been initiated by local supersaturation of the solution or by a minute 
mechanical grain of one of the oxides. Once initiated, deposition 
would continue rapidly by the attraction of more and more material 
to that already deposited. One may conclude that this attraction 
is not due solely to the increasing size of the deposit, as Zapffe > has 
shown that manganese oxides, once they are precipitated, are, from 
that time on, active precipitants of more manganese oxides. As the 
iron and aluminum were doubtless brought in as hydroxide sols, floc- 
culation and precipitation would have resulted from the neutralization 
of the protective colloids; or, as both iron and aluminum hydroxides 
are soluble in acid solutions (pH > 5), a change to a less acid (pH 6 
to 7) or an alkaline condition (pH 7+) would also have resulted in 
flocculation. The precipitation of the manganese is less easily ex- 
plained. The Mn(HCO;). may have been converted into Mn(OH),. 
by the loss of CO,. In a slightly alkaline (pH 7.3 to 7.5) solution, 
oxygen would have reacted with the manganous hydroxide and con- 
verted it into Mn(OH), and eventually into MnO,. Thereafter, the 
change was an easy one, as MnO, readily precipitates Mn(OH),. from 


%E. S. Moore and J. E. Maynard: Solution, transportation, and precipitation of iron and 
silica, Econ. Geol., vol. 24 (1929) p. 272-303, 365-402, 506-527. 
% Carl Zapfie: Deposition of manganese, Econ. Geol., vol. 26 (1931) p. 816-817. 
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a carbonate solution. Gardiner ?* states that Mn(OH), may exist 
as a colloidal solution of “hydrated manganese dioxide,” which may 
account, in part, for the association of both iron and manganese in 
these concretions, as a slightly alkaline condition would have been 
favorable for the precipitation of both. 


FORM OF THE CONCRETIONS 


General statement.—The most frequent question asked about a con- 
cretion is “how did it acquire that shape?”, and not, as one might 
suppose, “how did it originate?”. The shape, especially if very sym- 
metrical, imitative, or odd, attracts the eye at once. The Champlain 
concretions, although belonging dominantly to the spheroidal or dis- 
coidal types, are so modified by union of forms and by nodal develop- 
ment or other later additions that they present a bewildering array 
of forms, of which it is no wonder anyone should wish to know the 
cause. In the field, the writer made special search for evidence bear- 
ing upon this point, as he was sure that in the relationship of the 
concretions to the material enclosing them lay the secret of their shape. 


Simple forms.—The term “concretion” signifies a body that has 
grown by additions around a point. If, in a homogeneous porous 
medium, material is added uniformly about a point, a concretion in 
the form of a sphere results. This is the ideal initial form. If the 
material is added in greater quantity in the equatorial region of the 
form, that part will grow faster and a spheroid will develop. This 
growth in the equatorial region is conditioned by two factors: (1) a 
higher porosity of the material in the equatorial plane, or (2) a restric- 
tion of growth at the poles, even though the material is homogeneous. 

Concretionary growth about a point is best explained as the result 
of diffusion and the force of crystallization. The initial deposit in 
the Champlain concretions occurred about a grain of CaCOs, or 
was due to local supersaturation (the labile state). Additional de- 
position reduced the concentration of CaCO; about the initial deposit, 
and by diffusion more CaCO, was brought in. The force of crystal- 
lization was increasingly effective with the growth of the concretions. 
No movement of the solutions in the varves was involved during this 
initial concretionary growth; hence, as the silts consisted of homo- 
geneous materials, the early concretions were spherical forms. The 
silts are so uniform in texture that it was easily possible for the 
concretions to grow equally in all directions, and the only reason 
spheroids predominate among the spherical forms is because the char- 
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acteristic thinness of the layers restricted the growth of the spheres 
at the poles. 

With continued growth, the disk form was inevitable for any spher- 
ical concretion growing within the thin silt layers. Once such a con- 
cretion had attained the thickness of the layer, any additional growth 
must have been lateral, as the solutions could not penetrate the clay 
layers above and below, except rarely for short distances.. More 
material thus added in the equatorial region of the spheroid produced 
the disk form. As large disks are numerous among the Champlain 
concretions, it is evident that there was an abundance of CaCO, 
available in some of the beds. The rings of additional material seen 
commonly on disk forms indicate repeated breaks in the deposition, 
as previously explained. As even these disks are uniformly circular 
in outline (Pl. 142, fig. 1, nos. 3 and 5), it is evident that the solutions 
were not in motion even at the time of this later deposition. The 
usual modifications seen on either surface of a disk form are due to 
the original concretion having rested against the clay layer above, 
or below, the development having taken place, therefore, chiefly on 
the other side. The small rounded nodes existing upon a few disks 
(four specimens on PI. 141, fig. 1) were the result of growth into an 
adjoining clay layer. 

The discussion has thus far dealt with concretions occurring in 
layers of uniform texture. Some layers, however, consist of laminae 
of fine texture, in which the growth of concretions was inhibited, and 
of others of coarser texture, in which it was accelerated (see rings 
on concretions, Pl. 141, fig. 1). The re-entrants at the edge or on 
the surface of some concretions were produced by retarded growth 
along some plane parallel to the equatorial plane. The thin platy 
extensions on other concretions (Pl. 143, fig. 2, nos. 9 and 10) were 
caused by accelerated growth along a plane of more porous material. 
If this plane was above or below the equatorial region, the symmetry 
of the spheroid or disk was destroyed. Some concretions have two 
or three of these thin plates. 


Bilaterally symmetrical forms—aAll bilaterally symmetrical forms 
arose from the union of two simple forms that were growing near each 
other. The distance separating the two forms may have been one 
or two millimeters, or it may have been equal to the diameter of the 
concretions themselves. Union was initiated by the development of 
a node on each concretion. These nodes grew outward toward each 
other until they met and united, forming a bar between the two initial 
forms. This process was accomplished because, due to the near- 
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ness of the concretions, an excess of material was attracted, through 
the force of crystallization, to the two sides that were adjacent to 
each other (Fig. 2). The bar of the initial double form was widened 
by further additions of material, and the common double concretion 
resulted. Essentially all the double concretions developed along the 


Ficure 2.—Ideal bilaterally symmetrical form 
Showing the direction in which the material moved during formation. 


same plane, though in the occasional thicker layers in which a vertical 
distribution of concretions existed, forms at different levels united 
(Pl. 141, fig. 2, no. 8). 

Subsequent nodal additions, if similar on both sides of the bar, 
preserved the bilateral symmetry (PI. 143, fig. 1, nos. 4, 7, 8, 13, 14, 16; 
Pl. 144, fig. 1, no. 12). Additional material as nodes or layers was 
occasionally deposited on the original forms, also (Pl. 141, fig. 2, 
no. 3; Pl. 142, fig. 1, no. 2; Pl. 143, fig. 1, no. 9). If the additions 
were irregular, complex forms bearing little evidence of the original 
bilateral symmetry resulted. 

Thin sections were made of the initial forms and the connecting 
bar of many concretions, and both were seen to consist of finely 
divided CaCO;. These concretions do not represent, therefore, single 
crystals of calcite, as do “sand calcites” or “sand barites”; hence, 
they are not twins of crystallographic origin. The uniform medium 
in which the concretions occur, together with uniform addition of 
materials in conformity with the physio-chemical control exercised 
jointly by the two original concretions, were controlling factors in 
the formation of the bilaterally symmetrical form. 
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Complex forms.—Irregularity and resulting complexity are the rule 
in nature. Even though the same conditions tend to produce the 
same product, they rarely do so. Therefore, one would expect to 
find, as he does, more unsymmetrical concretions than ideally perfect 
ones. However simple the initial forms, subsequent additions of 
material may produce complex ones. Thus, in spite of the sym- 
metrical double forms that have occasionally been produced among 
the Champlain concretions, the factors controlling the additions of 
more material were usually so variable that the majority of later 
forms are irregular. 

Though later deposition may produce a layer that entirely envelops 
a concretion (thus merely increasing the size without changing the 
form), the thinness of the majority of the silt layers prevents this. 
Such later growths are, therefore, usually lateral in the plane of the 
layer. They may be seen as the rings so common on disk forms. 
Each ring or each enveloping layer is persistently the same width (0.1 
millimeter to 1 centimeter) all around a form, even though growth 
may have started at one or more points. A second ring or layer may 
start before the first is completed and may, or may not, be similar 
in width to the first. These two types of later deposits indicate uni- 
form conditions of growth, probably largely by diffusion in a sta- 
tionary solution. 

Later deposits are usually nodal in character, however, and vary 
greatly in size and shape. The nodes may occur dominantly on one 
side of a concretion or on both sides. Normally, their development 
follows the plane of the silt layer, but in the rare thick layers they 
may form at any point on the concretion. Small or large nodes may 
develop upon earlier formed nodes. One concretion, about 5 by 4.5 
by 1 centimeters in size, showed no less than 83 convex surfaces repre- 
senting later growths. 

The subsequent growth may have occurred soon after the deposi- 
tion of the initial concretions (possibly even penecontemporaneous 
forms) or at any time in the period since then. Concretions may even 
be growing at the present time, but no evidence of this was found. 
The underground water circulation that was developed after the lake 
beds were raised may have initiated a new period of growth. 

The cause of the irregularity of subsequent growth was rarely de- 
terminable, but it involves variations in one or more of the following 
factors: texture of the silts, amount of the source CaCO,, character 
and movement of the solutions. The texture of the silts rarely causes 
variations in growth of the concretions, because it is so invariably 
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uniform. The two exceptions to this are the more rapid concretionary 
growth in the more porous laminae of some silt layers, and the abun- 
dant and more controlled growth of concretions along ripple marks. 
That the amount of the source CaCO, within a restricted silt layer 
varied considerably is doubtful, as is also any effect such a variation 
would have in causing irregularity of concretionary growth. The 
variations would need to have been extremely localized. They can- 
not, however, be excluded as a possible factor in the cause of irregular 
growth. 

An important factor, however, in the development of complex forms 
was undoubtedly the character of the solutions, however difficult it 
may be to evaluate this influence. In the stationary solutions, dif- 
fusion (aided by the force of crystallization, which was constantly 
operative in changing the equilibrium) was of vital importance in 
changing the concentration from point to point throughout the silt 
layers. Where diffusion was uniform, regular growth (as the ring 
growths on the disks) resulted, but commonly the supersaturation 
occurred locally so the resultant deposition was local, initiating irregu- 
lar deposits. 

A last factor of some significance in the origin of complex forms 
is the movement of the solution through a layer. If movement was 
dominantly in one direction, more material would be added to concre- 
tions upon the sides facing the oncoming solution. Evidence of this 
was found at Putney, Vermont, where the additional growth on con- 
cretions was on the northeast side. Doubtless, evidence of such a 
control could be seen in other localities if sufficient excavation were 
made. 

SUMMARY 


The Champlain formation of the Connecticut River valley is com- 
posed of varved lake deposits, each varve of which consists of a silt, 
or summer, layer and a clay, or winter, layer. The silt layers contain 
caleareous and, less abundantly, “ferruginous” concretions that are 
the result of local cementation. These concretions vary greatly in 
shape, consisting as they do of simple, compound (some possessing a 
bilateral symmetry), and irregular complex forms. 

The concretions are epigenetic (in part, penecontemporaneous) and 
were formed from calcium and aluminum-iron-manganese compounds 
brought to the lake by waters flowing from the melting ice sheet to 
the north. The CaCO, was brought in as clastic grains and in soluble 
form, and was deposited mechanically, chemically, and organically, 
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chiefly in the silts. The chemically precipitated CaCO, took the 
form of grains and, less commonly, penecontemporaneous concretions. 
The cold CO,-rich waters that were buried with the silts gradually 
dissolved the deposited particles of CaCO;. Subsequently, due to 
climatic changes, these waters became warmer, which caused the 
loss of their CO, and the resultant deposition of the CaCOs, as con- 
cretions. Later, when the formation had been dissected and a conse- 
quent ground-water circulation set up, additional deposition took 
place, largely upon one side of the existing concretions. 

The simple symmetrical forms are the result of growth in a uniform 
medium under uniform conditions. Due to the thinness of the silt 
layers, the simple concretions are dominantly spheroidal forms and 
disks, and their modifications. The bilaterally symmetrical forms are 
the result of a fortuitous spacing of two simple symmetrical concre- 
tions, which permitted their union. Subsequent growth greatly modi- 
fied many of the simple and compound forms, producing concretions 
of a bewildering complexity of form. 
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INTRODUCTION 


The Peninsular Range which forms the main axis of the peninsula 
of Lower (Baja) California extends about 100 miles northward into 
California. Certain subdivisions of the range in California are called 
by separate names, such as the San Jacinto, Santa Ana, and Santa 
Rosa ranges. The Peninsular Range occupies all of San Diego County 
with the exception of a comparatively narrow coastal belt. This paper 
deals more especially with the geomorphology of that part of the 
range which lies in southern San Diego County, but many comments 
apply to the larger area. 

Various workers during the last eighty years have published state- 
ments bearing upon the geomorphology of the region. Three papers 
are the most important. One, by Fairbanks,’ deals largely with the 
rocks of the region, but includes some important notes on the geo- 
morphology. Another, by Ellis,? deals only with western San Diego 


* Manuscript received by the Secretary of the Society, August 13, 1934. 

1H. W. Fairbanks: Geology of San Diego County; also portions of Orange and San Bernardino 
counties, Calif. State Min. Bur., 11th Ann. Rept. (1893) p. 76-92. 

2A. J. Ellis and C. H. Lee: Geology and ground waters of the western part of San Diego 
County, California, U. 8. Geol. Surv., Water Supply Paper 446 (1919). 
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County with emphasis upon the ground waters, but it contains impor- 
tant data on the physiography. A third, by Sauer,’ dealing with the 
middle northern part of San Diego County, interprets the land forms 
according to certain principles of geomorphology advocated by Walther 
Penck. Sauer’s views are discussed at considerable length in the present 
paper. 

The authors of the three papers just mentioned express views which 
are by no means in agreement, but this is not surprising when the com- 
plexities of the problem are realized. The conclusions set forth by the 
present writer have been reached after much time spent in the field 
and after critically examining the views of others. Emphasis is upon 
criteria of geomorphology in their application to the Peninsular Range 
of southern San Diego County. Bryan and Wickson*‘ recently said 
that the Peninsular Range of southern California has “long consti- 
tuted one of the great problems of American geomorphology.” The 
present paper is intended as a contribution to the solution of this 


problem. 
ROCKS OF THE REGION 


The Peninsular Range of southern San Diego County consists very 
largely of plutonic rocks, probably of late Jurassic age. They include 
a series of intrusives, closely related in age, ranging from gabbro- 
diorite through quartz diorite to granodiorite. These intrusives cut 
to pieces a once widespread sedimentary series of Triassic, or possibly 
greater age, of which only scattering remnants both large and small, 
now metamorphosed into the Julian schist, yet remain. Many areas 
of mixed rocks consist of intimately associated schist and acidic intru- 
sives. A series of Triassic (?) volcanic rocks lies along the western 
flank of the range, being well exposed in Otay, Jamul, and San Miguel 
mountains. The general structural trend of the pre-Cretaceous crys- 
talline rocks of the region is northwesterly. Upper Cretaceous, Eocene, 
and Pliocene strata, capped by a series of Quaternary marine terraces, 
form the coastal belt just west of the range. Some strata of later 
Tertiary age occur in the foothills of the desert region just east of the 
main range. Some late Tertiary or early Quaternary volcanics, rest- 
ing on gravel deposits, occur on the eastern side of the range, particu- 
larly in the vicinity of Jacumba. 


3C. O. Sauer: Landforms in the Peninsular Range of California as developed about Warner's 
Hot Springs and Mesa Grande, Univ. Calif. Publ., Bull. Dept. Geol., vol. 3 (1929) p. 199-290. 

4K. Bryan and G. Wickson: The W. Penck method of analysis in southern California (a criti- 
cism of Sauer’s paper on landforms in the Peninsular Range . . .), Zeitsch. fiir Geomorph., Bd. 6, 
Heft 6 (1931) p. 287. 
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GENERAL TOPOGRAPHY AND GEOMORPHOLOGY 


Topographically the region extending across southern San Diego 
County from the Pacific Ocean to the Imperial Valley may be divided 
into three parts, or belts, each with a general northwesterly trend— 
a middle plateau-like portion constituting by far the largest part of 
the area; a steep slope descending from the eastern edge of the plateau 
to the floor of the Imperial Valley; and a coastal belt bounding the 
plateau (or highland) region on the west. 

Viewed in a broad way the whole mountainous region may be looked 
upon as a great, considerably eroded, Quaternary fault bleck with a 
steep eastern scarp and a general slope downward to the west and 
southwest. The tilt is more pronounced in the north than in the south. 
This plateau or highland region, 30 to 50 miles wide, is for the most 
part considerably dissected by many streams. Numerous gorges and 
canyons, from 500 to 1,500 feet deep, have been cut into the plateau. 
Many of the prominent ones follow fault zones of weakness. The 
plateau surface generally increases in altitude from 1,500 to 3,500 feet 
in its western portion, as in Cowles, San Miguel, and Otay mountains, 
to over 4,000 feet in McCains Plateau and over 6,000 feet in the Laguna 
Mountains in the eastern portion of the highland. This eastward 
increase in altitude is, however, by no means gradual, because the 
region has been broken by faulting into many large and small blocks, 
most of which stand out in the form of more or less well-defined 
secondary plateaus, while others, relatively less uplifted and usually 
smaller, mark sites of valleys. Various small and large parts of the 
great broken-up plateau surface, representing a former old age ero- 
sional surface, are but little affected by stream dissection; as, for 
examples, south of Alpine (2,000 feet) ; south and southwest of Guatay 
Mountain (4,000 feet); west of Buckman Springs (4,200 feet); and 
the much larger area (McCains Plateau) of about 130 square miles 
(at 4,000 feet) lying between La Posta and Jacumba valleys (Pl. 146, 
fig. 2). These and other elevated old age surfaces are largely mantled 
with deep residual soil and rotten rock through which occasional out- 
crops of nearly fresh rock project. Scattering masses, representing 
monadnocks, rise hundreds of feet above the old surfaces. The general 
altitudes of the old surfaces are indicated in round numbers on the 
map (PI. 150). 

Certain of the minor blocks rose a good deal less than the immedi- 
ately adjacent ones, and so they appear like relatively sunken fault 
blocks or graben. Good examples are Viejas, Cottonwood, Morena, 
and Potrero valleys, the valley just east of Jamul Mountain, and the 
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Ficure 1, View From MONUMENT PEAK 

E Part of the great northwesterly trending scarp, 4500 feet high, forming the eastern face of the La- 

; guna Mountain Plateau along the Elsinore fault. The ridge marked ‘‘V”’ is Vallecito Mountain, 
consisting of a separate fault block east of the Elsinore fault. 


Ficure 2. SOUTHERN PART OF McCaINsS PLATEAU 
General view at an altitude of about 4000 feet. 
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Ficure 1. Top oF PLATEAU WEST OF COTTONWOOD VALLEY 
View looking southwest. The old-age surface here has an altitude of about 4000 feet, and 
Mt. Pinos, in the distance, rises as a monadnock about 800 feet above the general level. 


Ficure 2. FAULT SCARP 
Moderately eroded scarp, 1000 feet high, facing Cottonwood Valley on the west. 
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valleys just northwest of Tecate Mountain. The surfaces of some 
of these fault blocks have been little affected by erosion. Some of 
them have, in fact, from time to time stood at sufficiently low levels 
with reference to their surroundings to be basins favorable for accumu- 
lation of alluvium, or even of lake beds. 

The minor fault blocks, which constitute the highland or plateau 
region, are generally stepped-down from the east at successively lower 
levels toward the west and southwest. The greatest exception is the 
series of block mountains, including San Miguel, Jamul, Otay, and 
Tecate mountains, which lie just south of the prominent Dulzura- 
Jamul fault, and which stand out boldly above the surrounding country. 
Because the rocks of these mountains (except Tecate) are largely 
volcanic, it might be argued that they have resisted erosion better 
than the neighboring rocks, thus allowing these masses to stand out 
boldly. This cannot, however, be more than part of the explanation, 
because other large areas of the volcanics, as west and south of Mt. 
Helix, lie at far lower levels. The triangular, quadrangular, and 
pentagonal shapes of the mountain masses and associated vaileys also 
strongly indicate that they are fault blocks rather than results of 
stream erosion unaffected by structural control and differential uplift. 

The eastern front of the highland area or plateau, facing the desert, 
is generally a high, steep, eroded fault scarp representing a south- 
easterly extension of the Elsinore fault. The descent from Monument 
Peak or Vallecito View (altitude, over 6,000 feet) on the Laguna 
Mountains to the floor of the valley at the foot of the scarp is approx- 
imately 4,500 feet in 4 or 5 miles (Pl. 146, fig. 1). Farther south there 
is a descent of about 3,000 feet in 5 or 6 miles from the top of the 
Jacumba Mountains (altitude, over 4,000 feet) to the floor of the 
desert. 

The coastal belt, bounding the plateau on the west, is from 8 to 12 
miles wide east of San Diego and Mission bays. It consists largely 
of a series of well-defined Quaternary marine terraces rising to suc- 
cessively higher levels up to 1,200 feet or more at and near the western 
base of the plateau. This terraced coastal belt has been considerably 
dissected by erosion, but wide areas of the lower terraces are still 
remarkably flat. Both Ellis ° and Hanna ®* have discussed the terraces 
at some length. 

It is possible that a north-northwesterly fault or fault zone also 
bounds the major fault block (plateau) on the west—that is, along 


SA. J. Ellis and C. H. Lee: op. cit., p. 25-30. 
©M. Hanna: Geology of the La Jolla quadrangle, California, Univ. Calif. Publ., Bull. Dept. 
Geol., vol. 16 (1926) p. 192-198. 
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the general contact of the plateau area of crystalline rocks and the 
coastal sediments. Ellis’ presumes that a great fault line existed 
there during late Cretaceous and Tertiary times, and that the Cre- 
taceous and Tertiary beds were laid down on the subsiding area mostly 
west of the fault. There may have been renewed movement along such 
a fault during Quaternary time. 

Viewed in a broad way there seem to be two main systems of faults 
approximately at right angles in southern San Diego County—one with 
a general northwesterly trend, including most of the largest faults, and 
the other with a general northeasterly trend. The significance of this 
fact is a problem. Possibly the two fracture systems were produced 
by the resolution of a force applied in a general east-west or north- 
south direction on the whole region. 

The accompanying topographic and fault map (Pl. 150) has been 
prepared with contour lines and altitudes taken from the United States 
Geological Survey map of the Cuyamaca quadrangle and the Carrizo 
quadrangle of the Progressive Military Map of the United States. 
The contours, especially on the Carrizo sheet, are usually so generalized 
that important topographic features are often inadequately shown. 
The neighboring Ramona, Vallecito, and Indio sheets should also be 
consulted. 

EVIDENCES OF FAULTING 


Some of the most important evidences of faulting in the Cuyamaca 
and Carrizo quadrangles are as follows: 


1. Long straight scarps often cut across country irrespective of kinds 
or structures of the rocks. This is particularly true of the north- 
easterly-trending system of (fault) scarps which cut squarely across 
the pre-faulting geologic structures (Pl. 149, fig. 1). 

2. Prominent scarps often cut across the main drainage lines of the 
whole region. 

3. Old erosional surfaces, usually covered with deep residual soil, 
commonly lie immediately adjacent to each other at tops and bottoms 
of scarps. Most remarkable of all is the Laguna Mountain old surface 
at about 6,000 feet, lying adjacent to the McCains Plateau old surface 
2,000 feet lower. 

4. A number of sharply defined nearly flat-floored valleys, bounded 
by straight, steep scarps hundreds of feet high on one or more sides, 
exist irrespective of the kinds and structure (other than faulting) of 
the rocks (Pl. 147, fig. 2; Pl. 148, fig. 1). 


7A. J. Ellis and C. H. Lee: op. cit., p. 75. 
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5. Various remarkably straight stream courses, 5 to 10 miles or 
more in length, cut across country uninfluenced by kinds of rocks or 
pre-faulting structures. Thus an interesting drainage pattern has been 
produced by erosion along two prominent fault zones crossing each 
other at right angles in the midst of the southeastern quarter of the 
Cuyamaca quadrangle. 

6. Fault crush-zones and zones of excessive jointing, often many feet 
wide, furnish positive evidence of faulting in numerous places (Pl. 148, 
fig. 2). 

7. Certain of the old age minor-block surfaces are distinctly tilted. 
Perhaps the best case is the broad high-level surface of the Laguna 
Mountain plateau, which slopes downward to the southwest. 

8. The general shape of the Peninsular Range of southern San Diego 
County is distinctly that of a great tilted fault block with a high, steep 
eastern front or scarp and a westward to southwestward down-slope 
many miles wide, down-stepped at successively lower levels. It has 
been likened by Goodyear ® and others to the tilted Sierra Nevada 
block. A fairer comparison would be with the southern Sierra Nevada 
at about the latitude of Kernville where the range is more like a plateau 
with a steep eastern scarp and down-stepped to the west.® 


VIEWS OF OTHERS ON THE GEOMORPHOLOGY 


Lindgren,’° in his report on the geology of northern Lower Cali- 
fornia, 47 years ago, emphasized the existence of a great escarpment 
extending along the eastern side of the Peninsular Range for many 
miles south of the international boundary. Coming to the eastern 
side of the mountains from the west, Lindgren says that “the spec- 
tator suddenly and unexpectedly finds a view extended before him 
which in grandeur and sublimity is surpassed by but few places on 
the continent. He stands at the edge of a gigantic escarpment descend- 
ing about 3,000 feet in 5 miles; naked granite cliffs, separated by 
steep ravines, and a few canyons more deeply cut into the rock, form 
the face of this escarpment; and at its base the Colorado Desert 
spreads out, a dazzling white plain.” Lindgren! regards this escarp- 
ment as a great, moderately eroded fault scarp. The present writer 
has seen something of this great scarp which extends northward along 


8 W. A. Goodyear: San Diego County, Calif. State Min. Bur., 8th Ann. Rept. (1888) p. 519. 

®9W. J. Miller: Geologic sections across the southern Sierra Nevada of California, Univ. Calif. 
Publ., Bull. Dept. Geol., vol. 20 (1931) p. 333-335. 

10 W. Lindgren: Notes on the geology of Baja California, Mexico, Calif. Acad. Sci., Pr., 
vol. 1 (1888) p. 190. 

11 Ibid., p. 195. 
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the eastern base of the mountains of southern San Diego County and 
northern Lower California, and he fully agrees with its interpretation 
as an eroded fault scarp. Lindgren,’* in a brief statement, also noted 
the probable existence of at least some block faulting, by way of 
explanation of certain interior valleys well within the mountains. 
Ellis,.* in his report on the western part of San Diego County, says 
that “the highland area is a part of a great upland region that extends 
far south into Lower California. This upland is limited on the east 
by a steep descent to the Gulf of California and the Salton Basin, 
but its plateau-like surface slopes gradually westward toward the 
ocean. It appears like a huge block of the earth’s crust that has been 
broken and uplifted along its eastern side. In form and position it 
resembles the Sierra Nevada, but the amount of uplift and tilting 
has been much less.” Ellis ** further states that “the geologic history 
and the structure of the region make it reasonable to suppose that 
faulting has contributed toward the development of the present topog- 
raphy of the highland area in two ways—first, directly, by lifting 
certain blocks of the earth’s crust higher than others and so forming 
mountains; and, second, indirectly, by fracturing the rocks so that in 
places they were more easily worn away by the streams, and valleys 
were formed.” The writer believes that these statements by Ellis are 
largely correct. It is clear, however, that Ellis considers stream ero- 
sion to have been a more important factor in the production of the 
topography than faulting. Thus, he says ** in regard to the mountain 
region of San Diego County “that previous to the elevation of the 
land it was a peneplain ... and that as the land was raised the 
streams were rejuvenated and cut valleys to their present depths .. . 
stream erosion has probably been the principal direct agent in pro- 
ducing this topography, and erosion is notably affected by rising and 
lowering of the land surface. Such movements are also frequently 
accompanied by a certain amount of faulting. Some of the topographic 
features are due primarily to faulting.” On his geological map of 
western San Diego County, Ellis '* shows a number of faults, indi- 
cating the block-faulted structure of much of the region. The Cuya- 
maca quadrangle portion of Plate 150 shows several times as many 
faults as the same area on the map by Ellis, and some of the faults 


22 Ibid., p. 185. 

% A, J. Ellis and C. H. Lee: op. cit., p. 20. 
44 Tbid., p. 37. 

Ibid. 

38 Ibid., pl. 3. 
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are differently located, but Ellis’ general conception of the fault-pattern 
of the western part of San Diego County is substantially correct. 

The above statements, upholding the conception of the Peninsular 
Range of southern San Diego County and northern Lower California 
as a great fault block broken into many minor fault blocks, with a 
profound fault scarp on the east, and a general westerly or south- 
westerly downtilt, have been presented at some length because certain 
workers have challenged this conception. The views of these workers 
will now be presented after which their arguments will be answered. 

Fairbanks says: 

With regard to the structure of this eastern part of the Peninsula Range, I 
can hardly agree with views before expressed that there are to be seen here 
evidences of an enormous fault, to which the steep escarpment toward the east 
is due. ... It is true that this descent is very abrupt in places, but in others 
it is almost as gradual as the western slope. For instance, the gradually descending 
ridges which extend east from Banner for nearly 30 miles show no indication 
of any fault save at the mouth of Carrizo Creek. ... The very abrupt descent 
east of the Balkan (Volcan) and Laguna Mountains is due wholly to enormous 
erosion, for both north and south ranges extend past them for many miles 
into the desert. 


Merrill ** stated, in regard to the Peninsular Range of San Diego 
County, that some writers have attributed the steep east-facing “escarp- 
ment wholly to faulting, but, on examination of the region, it seems 
inadvisable to adopt this as a sole explanation. West of the Salton 
Basin which is evidently in a syncline, though possibly a fault line 
also, is an anticlinal area, including minor synclines, and having for 
its main axis the granite of the Peninsular Range which trends nearly 
northwest. The northeast limb of this principal anticline is much 
steeper than the opposite one which declines toward the ocean. The 
various anticlinal and synclinal folds are intersected by parallel faults 
at right angles to their axes and consequently with a northeast trend. 
These faults have cut the formation into blocks which pitch north- 
westerly. From the relation of the crystalline rock masses on the 
west side of the Salton Basin to the fossiliferous Miocene Tertiary 
beds, it is evident that a local uplift of some 2,000 feet has occurred 
later than the Miocene and probably in the Postpliocene and, to this 
uplift in part, some of the more noticeable escarpments owe their 
present altitude.” 


17H. W. Fairbanks: op. cit., p. 90. 
18 F, J. H. Merrill: The counties of San Diego, Imperial, Calif. State Min. Bur., State Mineral., 
Rept. 14 (1916) p. 638. 
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In 1929, Sauer published a paper on the geomorphology of part 
of the Ramona quadrangle lying just north of the region studied by 
the present writer. Both regions are parts of a single physiographic 
and geologic province so that a correct explanation of the origin of 
the land forms in one of the regions would also apply to the other. 
Sauer recognizes the existence of old erosional surfaces now marking 
summit (or plateau or mesa) areas and lowland (or valley) areas. 
He does not, however, accept what would be the commonly held 
American view, that these erosional surfaces were formerly parts of 
a continuous old age (or peneplain) surface covering the whole region, 
and that this former surface has been uplifted, broken into numerous 
blocks by faulting, and considerably modified by erosion. He applies 
the German conception advocated by W. Penck in 1924, in his work 
on morphologic analysis, to the effect that the erosional surfaces, now 
standing at distinctly different levels, represent primary erosional sur- 
faces (or “primarriimpfe” of Penck). Sauer’s summit peneplains (or 


old age surfaces of plateaus) }° are “primary peneplains . . . and are 
most characteristically associated, in agreement with the ‘Primarrumpf’ 
theory of Penck, with a great convex flank of a rising mass. . . . Basal 


(or valley) peneplains, dependent on a local basis of erosion, have been 
initiated on the quiescent or sinking margins of blocks, adjoined by 
rising blocks.” The long, nearly straight, high, steep escarpments, 
commonly separating higher and lower erosional surfaces, according 
to Sauer, generally have retreated, often for considerable distances, 
maintaining their characteristics, while at the same time denudation 
and erosion have reduced both the higher and the lower surfaces to 
an old age or peneplain condition. 

According to Sauer,”° “it may well be that the (Peninsular) range 
as a whole is not primarily a great fault block, but that it is batho- 
lithic, on the order of a ‘grossfaltung’ in the sense of Penck. . . . Mar- 
ginal as well as interior faulting has been important, but it may well 
be secondary to deformation by the great intrusions and derived there- 
from.” 

Sauer clearly recognizes the existence of faults,” and he particularly 
describes the Elsinore fault which cuts diagonally across the region 
he studied. He also recognizes movements of fault blocks, but he 
believes that faulting has been distinctly secondary to denudation and 
erosion, in his geomorphologic explanation not only of the Peninsular 
Range as a whole, but also of the numerous plateaus (or mesas) and 


1 C. O. Sauer: op. cit., p. 248. 
2 Tbid., p. 204. 
21 Ibid., p. 206-210. 
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intermontane valleys within the range. He believes that the present- 
day relief features have been developing on a great rising mass whose 
elevation dates as far back probably as the later Jurassic; that the 
whole region was not formerly an old-age surface, uplifted, and broken 
into numerous fault blocks, with old-age surfaces more or less pre- 
served, and with these blocks dominating the present-day relief; and 
that the old-age surfaces (at high and low levels), whose antecedent 
character is not known, have been developing by denudation and ero- 
sion on individual blocks ever since the ancient elevation of the region 
started. “No graben or other form of dropped block has been iden- 
tified.”??. Thus, San Felipe Valley, in the region studied by Sauer, 
is regarded by the present writer as an excellent example of a relatively 
sunken fault block or graben bounded by three fault zones which 
lie at, or close to, the bases of their considerably eroded scarps. 
Sauer*® says that “San Felipe Valley is. regarded as having been 
produced by denudation and erosion along two fault zones that inter- 
sect approximately at right angles, the one with northwest-southeast 
direction passing through the long axis of the valley, and the other . . . 
crossing San Felipe Valley at its greatest breadth. There may have 
been sinking of a small block, but all the features of the San Felipe 
can be accounted for by retreat of fault scarps. As is characteristic 
for the whole area, downthrow and upthrow are not distinguished.” 
In others words, the nearly flat floor of the valley has been produced 
by denudation and erosion, while the walls bounding the valley on 
all three sides have retreated as much as 114 miles, all the while 
maintaining their height, steepness, and straightness. 
Sauer * further says: 


The fact that the great fault axes correspond to the compression axes of an 
earlier (Jurassic ?) period of intrusion and metamorphism indicates their deriva- 
tion from the latter. . . . They may perhaps be regarded as permanent zones of 
weakness dating from the initial structure of the mass. In them is to be sought 
the primary basis of topographic differentiation of the area... . The Peninsular 
Range consists of individual blocks, which are differentiated from each other in 
surface forms and which have undergone differing morphologic evolution. 


Sauer’s interpretation of the geomorphology of the Peninsular Range 
has been stated at some length because, in the words of Bryan and 
Wickson,”* his paper “has more than local interest since it is the first 
application of Penck’s system to an American area.” 


22 Ibid., p. 247. 

283 Ibid., p. 237. 

% Ibid., p. 209-210. 

% K. Bryan and G. Wickson: ibid. 
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DISCUSSION OF THE VIEWS OF OTHERS 


The views of both Lindgren and Ellis in regard to the geomorphology 
of parts of the Peninsular Range are in such substantial agreement 
with the more elaborately expressed views of the present writer that 
they need little discussion. The ideas of Fairbanks, Merrill, and more 
especially of Sauer are, in the main, however, so different from those 
of the writer, that they should be critically discussed. 

Lindgren’s brief statements apply to the geomorphology of the Pen- 
insular Range of northern Lower California, but, as far as they go, 
the present writer believes that they correctly apply to the northward 
extension of the range into San Diego County. 

The writer would reverse Ellis’ idea that stream erosion has been 
a more important factor than faulting in producing the main topo- 
graphic features of the mountains of San Diego County. Ellis does 
not seem to recognize the importance of block faulting in the produc- 
tion of the numerous old-age surfaced plateaus standing at sharply 
different levels. 

In view of the fact that Sauer admits the existence of faults (includ- 
ing the Elsinore fault) and that various earth blocks in the region 
have differentially risen, why does he object to the idea that the 
Peninsular Range as a whole is a great fault block instead of a “gross- 
faltung”’? The great eastern scarp is directly associated with the 
Elsinore fault system, and the surface of that part of the Peninsular 
Range in southern San Diego County shows a definite westward down- 
tilt. This mountain mass, therefore, exhibits the prime character- 
istics of a geologically recently uplifted fault block. To explain it as 
a “grossfaltung” originally extending from the Imperial Valley to the 
sea, and to maintain that miles of its eastern portion have been largely 
eroded away, leaving the great eastern scarp as almost entirely a 
product of erosion, while the western part of the great mass (west of 
the Elsinore fault) has been only moderately affected by erosion, 
indeed, requires a stretch of the imagination without positive basis 
of fact. 

Merrill 7° also advocated the idea that the whole Peninsular Range 
between the Imperial Valley and the ocean‘“is a great anticlinal area 
including minor synclines. He stated that erosion along the steeper 
eastern limb of this broad anticline had much more to do with the 
development of the great eastern scarp than faulting. Reasons will 
now be given to show that these ideas are untenable. 


°6F. J. H. Merrill: ibid. 
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West of the great eastern scarp the rocks are largely plutonic, and 
they show no structural evidence whatever of forming the western limb 
of an anticline. Neither are there any minor folds within a great 
fold, in any such sense as advocated by Merrill. There are, to be sure, 
some tilted bodies of Julian schist within the plutonics, probably rep- 
resenting roof pendants, but this schist was disturbed and deeply 
eroded long before the geologically recent uplift of the mountain range. 
East of the summit of the great scarp old crystalline rocks are most 
common, but there are also some Tertiary strata and volcanics. There 
is, however, no evidence of this region being an eastern limb of an 
anticline. It consists, rather of a number of fault blocks, standing at 
various levels due to faulting and considerably modified by erosion. 
In the Carrizo quadrangle these blocks lie at much lower levels than 
the minor blocks just west of the great scarp, and, taken together, it 
is most reasonable to interpret them as representing the downthrow 
side of the Elsinore fault system. 

That the Peninsular Range of San Diego and southwestern Riverside 
counties does not possess a great anticlinal structure is strikingly sub- 
stantiated by a consideration of the region lying north of the Carrizo 
quadrangle and east of the Elsinore fault system. Thus, the Indio 
quadrangle consists of a series of parallel northwest-southeast moun- 
tain ridges which are plainly fault-block mountains associated with 
certain intermontane valleys representing sharply defined sunken fault 
blocks, as illustrated by Collins, Borego, and Clark Lake valleys. The 
Santa Rosa Mountains form the greatest ridge, which is a distinctly 
tilted fault block with a long, straight, steep scarp, thousands of feet 
high, forming the southwest face and a slope, from 7 to 10 miles wide, 
descending northeastward from an altitude of 6,000 to 8,000 feet to 
sea level. The Santa Rosa Mountain block is in every way, shape, 
and form a typical large, high, tilted, considerably eroded fault block 
of late Cenozoic age. It is, therefore, utterly hopeless to regard the 
Peninsular Range of San Diego County as essentially a great anticline. 

Merrill 2? recognized the existence of faults extending across the 
main trend of the range, but it is an interesting fact that these faults 
are generally of much less importance than the great system of north- 
westerly-trending faults in the region, which Merrill failed to recog- 
nize properly. It is not clear from Merrill’s statement whether or 
not the “local uplift of some 2,000 feet” along the eastern side of the 
mountains involved much faulting, but this seems to be implied. If 
so, why limit the faulting to 2,000 feet? 


Ibid. 
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Sauer ** conceives the Peninsular Range of San Diego County as a 
“grossfaltung” whose uplift, initiated by Jurassic diastrophism and 
batholithic intrusion, has continued to the present, and that faulting 
has been distinctly secondary to this diastrophism. The writer agrees 
with Bryan and Wickson,”® who say that “the energies of a Jurassic 
batholith continue to the present day is a novel and wholly unsub- 
stantiated speculation.” 

Fairbanks’ statement that the great eastern scarp of the range is no 
more striking than that of the western side is not in keeping with the 
fact, for the long, straight, high scarp following the Elsinore fault 
zone across the Carrizo quadrangle has nothing like a reasonable 
counterpart on the west. When Fairbanks says that gradually descend- 
ing ridges extend eastward from the great eastern scarp for nearly 
30 miles, he again misses the point. None of these reaches out more 
than about 5 miles. His so-called “descending ridges” are, in reality, 
separate fault blocks forming border portions of the Peninsular Range, 
usually in the form of ridges lying parallel to the main axis of the 
range, as pointed out above. A good example is Vallecito Mountain 
(Pl. 146, fig. 1). 

Sauer *° uses much the same argument when he says: “It is generally 
assumed that a great fault cuts off the highland against the desert, 
but the question is still open. At any rate, deep and numerous canyons 
lead far back into the mountains from the desert and are elaborately, 
dendritically branched. Encroachment of erosion from the desert has 
been under way for a good while. Erosion from the desert is well 
advanced in driving back the watershed of the Peninsular Range.” 

Fairbanks’ so-called “descending ridges” and Sauer’s canyons lead- 
ing far back into the mountains from the desert are certainly no more 
extensive in their association with the great eastern scarp, especially 
with that part of the great scarp forming the eastern face of Laguna 
Mountains, than is to be expected in the case of a considerably eroded 
fault scarp. Erosion under arid climate conditions, combined with 
high relief produced by diastrophism, has, as stated by Sauer,*! favored 
persistence of steep scarps, as is most strikingly shown along the east- 
ern front of the Laguna Mountains. In this connection it should be 
stated with emphasis that the Elsinore fault is not a single fracture, 
but, rather, a compound fault or fault zone, and this is why the scarp 
is not everywhere a simple steep slope, as, for example, from Terra 


2% C. O. Sauer: op. cit., p. 204. 
2K. Bryan and G. Wickson: op. cit., p. 228. 
*C. O. Sauer: op. cit., p. 233. 
Ibid., p. 233-234. 
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Blanca southeast to the general vicinity of Mountain Springs in the 
Carrizo quadrangle. 

The following facts support the writer’s contention that the great 
eastern scarp is a moderately eroded fault scarp. That portion bound- 
ing the Laguna Plateau on the east, and descending 4,500 feet within 
a few miles, is certainly a somewhat eroded fault scarp. It is a de- 
cidedly youthful feature. Neither the present streams nor any which 
may have existed in later Quaternary time could possibly have been 
equal to the task of removing a thickness of thousands of feet of rock 
for miles to the east of the Laguna Mountains, thus producing this 
high, steep scarp, while the old-age surface on top of the mountain 
block has scarcely been touched by erosion. It should be stated that 
the steepest part of the eastern front (scarp) of the Laguna Plateau, 
east to north of Monument Peak, consists of crudely banded gneiss, 
with a general northwest strike and a steep dip to the northeast. It 
is probable, therefore, that the unusual steepness of the scarp here, 
and the wide embayinent at its base, are, at least in part, results of 
relatively rapid removal of the steep-dipping gneiss by erosion along 
the fault scarp. 

That the portion of the great eastern scarp bounding McCains 
Plateau on the east is certainly a fault scarp produced by compound 
or distributive faulting is indicated by its long, straight, steep, high 
nature; by wide, well-defined fault-crush zones; by the excessively 
jointed structure of the quartz diorite all the way down the scarp 
(Pl. 148, fig. 2); by evidence of some recent faulting in the late Qua- 
ternary gravels near the base of the scarp; by the extensive deposits 
of later Tertiary gravels in the vicinity of Jacumba, which, in Table 
Mountain, come to the upper edge of the scarp, in which position they 
could not have been deposited after the scarp was formed; by volcanic 
rocks capping gravels at both the top and the bottom of the scarp, the 
once continuous masses having plainly been dislocated by faulting; 
and by part of an old, wide, well-preserved, low-gradient, east-west 
valley, over two miles long, ending abruptly at the edge of the scarp 
at Boulder Park. 

The great eastern scarp is in no important way different from various 
other scarps in California and other parts of the southwestern United 
States where conditions of height, steepness of slope, and climate are 
similar, and where the scarps are definitely known from stratigraphic 
evidence to be more or less eroded fault scarps produced largely or 
wholly within Quaternary time. Thus, the San Gabriel Mountain 
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block of 1,200 square miles,*? bounded by great steep scarps on three 
sides, has certainly been uplifted thousands of feet as a fault block 
in Quaternary time. Or again, the Sierra Nevada scarp across the 
Mt. Whitney quadrangle, rising 8,000 feet within a horizontal distance 
of 5 miles, is certainly a moderately eroded fault scarp of late Ceno- 
zoic origin. In regard to this scarp, Louderback ** says that “the 
relation of the eastern scarp to the pre-Sierran Tertiary surface of the 
Sierra Nevada is of special importance. This old surface of moderate 
relief is distinctly recognizable over considerable areas right up to the 
steep drop-off, and the topographic discordance of the latter is most 
marked.” There is a system of broad, mature high valleys, one of 
which (Toowa Valley) abruptly ends at the scarp at 9,200 feet eleva- 
tion, while the floor of Owens Valley, 3,600 to 3,900 feet below it at 
the foot of the scarp, is reached in only 4 miles. Louderback * says 
that “these older topographic features of the Mt. Whitney region must 
have been formed when the range was at a much lower altitude, and 
before the existence of the great eastern scarp,” and that the scarp ** 
was “formed during a period of progressive and continued uplifts ex- 
tending from late or post-Tertiary to the present, and cannot be referred 
primarily to any erosional origin.” 

Sauer’s explanation of the nearly straight, high scarps sharply sepa- 
rating higher and lower level adjacent plateau (or mesa) old-age sur- 
faces will now be considered. Thus, in the Cuyamaca and Carrizo 
quadrangles many main streams originating on the high Cuyamaca 
and Laguna blocks cut west-southwestward across a series of succes- 
sively lower plateaus and directly through the scarps which separate 
them, there being no important stream erosion along the scarps. Dif- 
ferences in kinds of rock cannot be invoked to explain these terraces 
because weak or resistant rocks may lie at either top or bottom of 
a scarp. Such scarps cannot, then, have resulted from erosion. A 
far more reasonable explanation is that a former old-age surface has 
been uplifted as a great fault block broken into various well-defined 
minor blocks (or plateaus) separated by fault scarps, and that the 
streams take their courses down the south-southwestward slope of the 
great broken-up fault block. Instead of having been produced by 
streams, the scarps, including the great eastern scarp, have been only 


%2W. J. Miller: Geomorphology of the southwestern San Gabriel Mountains of California, 
Univ. Calif. Publ., Bull. Dept. Geol., vol. 17 (1928) p. 200-204; Geology of the western San 
Gabriel Mountains of California, Univ. Calif. Publ., Math. and Phys. Sci., vol. 1 (1934) p. 77-80. 

33 G. D. Louderback: Basin Range structure in the Great Basin, Univ. Calif. Publ., Bull. Dept. 
Geol., vol. 14 (1923) p. 338. 

Ibid. 

% Ibid., p. 347. 
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Figure 1. V1iEsJAS MOUNTAIN 
As seen from the east across Viejas Valley. 


Figure 2. HIGHLY BROKEN-UP QUARTZ DIORITE 
View in the Elsinore fault zone near Mountain Spring. 


SCENES IN THE PENINSULAR RANGE 
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Ficure1. Lacuna Mountain PLATEAU 
View looking northwest across part of McCains Plateau. Note the long, straight, 
high scarp separating the two plateaus. 


Ficure 2. MOuNTAIN 
Lava cap, northeast of Jacuba, rests upon slightly consolidated sands and gravels 
of late Tertiary or early Quaternary age. 
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considerably modified by erosion. Special mention may be made of 
the great scarp, 2,000 feet high, separating the Laguna Mountains and 
McCains Plateau (Pl. 149, fig. 1). It is much more sharply defined 
than the contours on the Carrizo quadrangle indicate. It seems most 
unreasonable to ascribe this long, high, steep, straight scarp to erosion 
by streams which cut squarely across it. Erosion and denudation have 
constantly worked to subdue this scarp, and it exists (as a fault scarp) 
in spite of erosion and not because of it. By what stretch of the 
imagination can such a scarp be explained as an erosional feature? 

Bryan and Wickson ** in their critical review of Sauer’s paper state 
that he “elaborates the statement that the (plateau) summit areas, 
regarded by Ellis and others as remnants of a pre-uplift surface, are 
still suffering from erosion. .. . Thus an existing (plateau) surface 
must be lower than an initial surface would be, if it had been uplifted 
but was, nevertheless, immune to erosion. Obviously the existing 
upland (plateau) surfaces merely represent in aspect and position the 
post-uplift surface. If the rate of degradation on the characteristically 
gentle gradients is high, the discrepancy is large. If, as seems more 
probable, the rate has been small then the upland surfaces may be 
regarded as representing with all necessary accuracy the position and 
form of the differentially uplifted initial surface. To designate such 
surfaces as ‘Primirriimpfe’ does not in itself solve the question of the 
amount of their degradation during the period of uplift.” 

It is, of course, true that the old-age surfaces of the uplifted minor 
fault blocks, during and since their uplift, have been somewhat further 
subdued, but, because of the low stream-gradients, the effect has been 
comparatively small. It is impossible to conceive that old-age sur- 
faces, such as those marking the summits of the Laguna Mountains 
and McCains Plateau (Pl. 146, fig. 2), could have been produced by 
erosion (or denudation) on more or less continuously rising masses, this 
denudation dating from Jurassic time, because the conditions for head- 
water erosion into the rising masses on all sides would have been 
increasingly so favorable that the summit areas would have been com- 
pletely dissected long before old-age surfaces could have been pro- 
duced. It is far more reasonable to interpret the nearly flat summit 
areas of the plateaus as old-age surfaces recently elevated by faulting, 
and that, during and since their uplift, they have been reduced in size 
by headwater erosion. 

Sauer has a good deal to say about convexity and concavity of 


8K, Bryan and G. Wickson: op. cit., p. 290. 
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slopes. In a summary statement he states ** that “convex slopes mark 
such block margins as are rising more rapidly than they are being 
reduced by denudation; more quiescent tectonic fronts are marked by 
convexo-concave and especially concave slopes.” Bryan and Wickson 
in their review ** say that “in the use of inclination of slope as the 
infallible indicator of tectonic activity, the results are not entirely 
convincing. . . . The analysis would be more convincing if the study 
had been located in an area without contrast in vegetative cover in 
near by but (sharply) different climates.” Other conditioning factors 
might be mentioned, but this matter will not be further discussed, 
because, according to the theories advocated by both Sauer and the 
writer, plateau (or mesa) blocks or parts of blocks have risen at varying 
rates at various times and so both concave and convex slopes would 
be expected. 

Sauer’s argument in regard to the origin of certain rather sharply 
defined, flat-floored valleys (e. g., San Felipe Valley in the Ramona 
quadrangle) will now be answered. If one accepts his idea that the 
northern two-thirds of San Felipe Valley has been developed along a 
single fault running lengthwise through the valley, and that the straight, 
steep scarps, rising more than 2,000 feet above the valley floor on 
one side, and more than 1,000 feet on the other, are not moderately 
eroded fault scarps, but, rather, are scarps which have retreated back 
from a single fault by erosion and denudation, then why has not the 
San Diego River between Julian and Ramona developed a similar 
flat-floored valley instead of the V-shaped canyon with bottom about 
1,000 feet below the surfaces of the Ballena and Julian plateaus on 
the sides? Factorial differences, such as rock character, volume of 
water, or altitude of valley bottom above sea level, carinot be invoked 
to explain the striking difference between these two valleys. It is far 
more logical to regard San Felipe Valley as a wedge-shaped, relatively 
sunken fault block (graben) bounded on each side by a moderately 
eroded fault scarp, and the San Diego River valley as having been 
cut along a single fault and bounded on each side by extensive parts 
of a former low-lying old-age surface upfaulted to their present alti- 
tudes. In the Cuyamaca and Carrizo quadrangles there are certain 
small valleys, in all important respects like San Felipe Valley, and the 
writer believes them to be graben valleys. Good examples are Cotton- 
wood (Pl. 147, fig. 2), Viejas (Pl. 148, fig. 1), and Potrero valleys, 
and the valley just east of Jamul Mountain. Removal of weaker 


7 C. O. Sauer: op. cit., p. 247. 
8K. Bryan and G. Wickson: op. cit., p. 290. 
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rocks by erosion is not the explanation, because they exist irrespective 
of kinds and structures of the rocks. Lindgren *° offers the same expla- 
nation for similar valleys in northern Lower California. He describes 
them *° as an irregular series of depressions to which the name of 
“interior valleys” has been given. The largest is Valle de San Rafael, 
15 miles long and 10 miles wide. They lie at altitudes varying from 
1,500 to 3,000 feet, and they are bounded on at least two sides by steep 
escarpments. 

It is out of the question to explain the plateaus standing at sharply 
different levels, the almost perfectly preserved old-age surfaces form- 
ing plateau summits, the great steep eastern scarp, and the various 
sharply defined flat-floored valleys of the Peninsular Range of San 
Diego County as almost entirely produced by erosion and denudation 
on a great mountain mass (“grossfaltung”) slowly rising since Jurassic 
time and little influenced by faulting, as advocated by Sauer. 

In this connection, certain well-known facts in regard to the geo- 
morphology of the Basin and Range Province of southwestern United 
States may be mentioned. Thus, in many cases great sheets of lava, 
especially those covering back slopes of tilted mountain blocks, prove 
that the general region had been reduced to an old-age condition, 
and then more or less extensively lava-covered, before the fault blocks 
began to develop in late Cenozoic time. Positive evidence that certain 
ranges in the province are fault-block mountains variously uplifted, 
tilted, and broken up was presented many years ago by Louderback,** 
and later by Miller *? and by Davis,** for various other ranges. In 
the face of such strong evidence from other comparable regions of 
the Pacific Southwest, and of so much positive evidence in the region 
considered in this paper, the conclusion seems inescapable that the 
Peninsular Range region of San Diego was once in an old-age condi- 
tion, and that it has since been uplifted and broken up by faulting into 
numerous blocks which now dominate the topography. 

Hudson,“ in his report on the Cuyamaca region, mentions “certain 
physiographic features which will need explanation in any future 
investigation of the physiography of the region,” but he makes no 
attempt to explain them. His list includes: (1) Alluviated summit 


3° W. Lindgren: op. cit., p. 195. 

 Ibid., p. 186. 

41G. D. Louderback: Basin Range structure in the Humboldt region, Geol. Soc. Am., Bull., 
vol. 15 (1904) p. 289-346. 

42 W. J. Miller: Geology of Deep Spring Valley, California, Jour. Geol., vol. 36 (1928) p. 510-535. 

43 W. M. Davis: Basin Range types, Science, vol. 76 (1932) p. 241-245. 

“F. S. Hudson: Geology of the Cuyamaca region of California, Univ. Calif. Publ., Bull. Dept. 
Geol., vol. 13 (1922) p. 180. 
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valleys; (2) attack of streams on alluvium of these valleys; (3) highest 
mountains situated west of main water-parting; (4) highest mountains 
often composed of weak rocks and lower country of resistant rocks; 
(5) deep canyon of Boulder Creek cut into highest mountain ridge; 
and (6) contrast in physiographic features on either side of the main 
divide. These features are all readily explained by the writer’s theory 
of fault-block uplift of the Peninsular Range accompanied by break- 
ing up into numerous, minor, large and small blocks, particularly the 
longitudinal ones. Summit (graben) valleys are subject to alluvia- 
tion or erosion depending upon rate of fault-block movement relative 
to valley sides, and probably to some extent to climatic changes. 
Where highest mountains lie west of the main divide the pre-faulting, 
southwestward drainage has been maintained in a general way in the 
face of fault blocks formed across their courses in the Elsinore fault 
zone, as is true of the San Luis Rey River in the Ramona quadrangle. 
Relative heights of mountain masses are due mainly to amounts of 
uplift of fault blocks and not to erosion. Boulder Creek canyon has 
been cut into the high western fault scarp boundary of the Cuyamaca 
Plateau, the stream meantime working headward to tap the broad 
old-age valley in the vicinity of Cuyamaca. Any important contrast 
in physiographic features either side of the main drainage divide of 
the Peninsular Range in the Ramona and Indio quadrangles is cer- 
tainly not evident because prominent ridges and valleys have developed 
longitudinally in both the Elsinore and the San Jacinto fault zones, 
with adjacent broad plateaus partly on one side of the main drainage 
divide and partly on the other. In the Carrizo quadrangle the contrast 
east of the divide is striking because of the great eastern fault scarp 
and general downthrow of the region east of it. 


EL CAJON AND JACUMBA VALLEYS 


There are some puzzling things about these two valleys. Faulting 
has, no doubt, played a more or less important part in their develop- 
ment, but they do not seem to be simple cases of downsunken fault- 
block (graben) structures. 

E] Cajon Valley lies near the middle-western border of the Cuyamaca 
quadrangle. The valley is 1 to 4 miles wide and 5 miles long. Its 
smooth floor lies from 340 to 500 feet above sea level, rising toward 
the southeast. On the northeast, east, and south the valley is bounded 
by small and large hills of diorite, a few small outcrops of which rise 
above the valley floor. Most of the western boundary of the valley 
is an escarpment, several hundred feet high, forming the front of a 
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so-called mesa consisting of Poway conglomerate. Ellis “* notes sev- 
eral marine terraces on this mesa front. He believes that the Poway 
conglomerate never covered the site of the whole valley. Deep, decom- 
posed diorite usually underlies a thin layer of alluvium, but in some 
places wells penetrate marly clay under the alluvium. The valley 
occupies part of a large relatively down-sunken El Cajon fault block, 
as shown on map, Plate 150. After crossing the northern part of the 
valley the San Diego River flows through a deep narrow gorge in a 
diorite ridge. 

During the general uplift and block-faulting of the Peninsular Moun- 
tain region in earlier Quaternary time the El Cajon fault block was 
left in a relatively sunken condition, one of the boundary faults being 
along the northeastern side. In the later Quaternary came submer- 
gence and marine planation, followed by uplift of the wide Poway 
marine terrace. The Poway formation then covered both the northern 
part of El Cajon Valley and the site of the San Diego River gorge in 
the diorite just west of it*¢ The San Diego River had its course on 
the rising Poway terrace and became superimposed at the gorge. The 
river has cut the gorge hundreds of feet deep, meantime carrying away 
the Poway formation from the northern part of El Cajon Valley. 

Did the Poway formation ever extend across the central and southern 
parts of El Cajon Valley? If so, how was it removed? The steep 
terrace front facing the valley on the west is certainly not a fault 
scarp. Is it stream-cut? If so, by what stream? Is it wave-cut, as 
suggested by Ellis?*? Are the so-called marine terraces of Ellis in 
reality stream terraces? The writer is unable to answer these pertinent 
questions. 

Jacumba Valley extends across the international boundary in the 
general vicinity of Jacumba, most of it being in Lower California. 
That part of the valley which lies in California is about 4 miles long, 
has a maximum width of 3 miles at the south, and becomes very narrow 
at the north. The smooth main floor of the valley (altitude 2,800 to 
3,000 feet) is covered with thick, well-stratified alluvium. Rather 
extensive, brown, almost unconsolidated later Tertiary or early Qua- 
ternary sands and coarse gravels, in part capped with lavas and vol- 
canic breccias, occur on the sides of the valley, both north and east 
of Jacumba. Similar gravels (fully 200 feet thick) underlie the lava 
cap on Table Mountain, to the northeast of the valley (Pl. 149, fig. 2). 


# A, J. Ellis and C. H. Lee: op. cit., p. 45. 
#6 M. Hanna: op. cit., geological map. 
47 A. J. Ellis and C. H. Lee: op. cit., p. 45. 
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These lava caps are all gently tilted and lie at different altitudes. A 
fault scarp bounds the valley on the east, this scarp being particularly 
straight and conspicuous for several miles in Lower California. 

The gravels were deposited on a land surface of moderate relief, 
probably in late Tertiary time, but may be somewhat older. The 
gravel-covered area included most, or all, of the site of Jacumba 
Valley (in California) and vicinity. Most of the pebbles and boulders 
are more or less rounded and may well be of local origin, but some 
seem to be of non-local origin. The writer does not venture to suggest 
the origin of these gravels or the conditions under which they were 
deposited. Sheets of lava and pyroclastics were laid down extensively 
over the gravels. Then came the faulting, with development of the 
long, straight fault on the eastern side of Jacumba Valley and the 
formation and tilting of several small fault blocks (see map, Pl. 150). 
The Jacumba Valley region forms the down-throw side. 

At the same time, movements along the Elsinore fault zone produced 
the great eastern scarp. Highly suggestive in this connection is the 
fact that gravels capped with volcanics, like the Jacumba gravels, and 
voleanics have been found near the foot of the eastern scarp, at an 
altitude of 1,000 feet, about 4 miles north-northeast of Mountain 
Springs. It is believed that these two lots of rocks were once at the 
same level and that they have been dislocated vertically some 2,500 
feet by movements along the Elsinore fault zone. 

During and since the block faulting in the Jacumba region the 
gravels have been removed by erosion, and only caps of the once 
widespread volcanics remain. The stratified unconsolidated sediments 
covering the main floor of Jacumba Valley were deposited in a basin 
(probably in part a lake basin) produced possibly by renewed relative 
downward movement of the Jacumba fault block. Carrizo Canyon 
is now working headward into the soft sediment at the very narrow 
north end of Jacumba Valley. 


SIGNIFICANCE OF THE BALLENA GRAVEL 


The Ballena gravel (or conglomerate) has been the cause of con- 
siderable discussion, and it has been differently interpreted. It has 
an important bearing on the geomorphologic history of the Peninsular 
Range of San Diego County. This deposit was first described by 
Fairbanks.** It occurs in ten or more areas, extending southwestward 
from near Witch Creek (at 3,000 feet) to southwest of Ballena (at 
2,400 feet), and west of San Vicente Valley (at 2,000 feet) in the 


48H. W. Fairbanks: op. cit., p. 91-92. 
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Ramona quadrangle to west and northwest of Padre Barona Valley 
(at 1,800+ feet) in the Cuyamaca quadrangle. The largest area, sev- 
eral miles long, is southwest of Ballena, where the gravel caps ridges 
300 to 500 feet high. This may be regarded as the type locality. All 
the areas were doubtless once continuous. They were mapped by 
Ellis. The gravel (or conglomerate), which reaches a thickness of 
100 feet or more, consists largely of pebbles and boulders of red and 
gray porphyritic lava, considerable quartzite, and some schist. Many 
of the well-rounded to sub-angular pebbles and boulders range in 
diameter from an inch or two to a foot or more, and they are usually 
associated with a well-consolidated sandy matrix. They are distinctly 
non-local in character, the regional rock usually being diorite or grano- 
diorite. Fairbanks © says that “the gravel deposit has every char- 
acteristic of an old river channel, and not that of an elevated arm 
of the sea; besides the presence of gold in the gravels indicates their 
derivation from the country farther east.” The striking similarity 
between the pebbles and boulders of the Ballena gravel and the Poway 
conglomerate strongly indicates a former continuity of the two deposits. 
Fairbanks ** advocated the theory that the river which carried the 
boulders must have headed many miles to the east of the present 
western slope of the Peninsular Range (probably beyond the site of 
the present mountains), and that it was cut off by a great uplift “along 
the crest and western slope of the mountains.” 

Ellis °? quotes Fairbanks and, without discussion, seems to accept 
his view. 

Hanna ** says, in regard to the late Eocene, that “the streams 
brought down great quantities of boulders” which were deposited to 
form the Poway conglomerate. It is, thus, easy to picture deposition 
of the Ballena gravel by one of these large streams, though Hanna 
does not so state. 

Sauer’s view is different. He says °* that it is unnecessary to pos- 
tulate a distant source of unknown location, as Fairbanks did, which 
would involve sinking out of sight of an entire mountain range into 
the Colorado (desert) basin. He believes that the gravel was probably 
derived from the cover of the great intrusives during its removal by 
denudation, and that the gravel occurs where there is nothing remotely 


4 A. J. Ellis and C. H. Lee: op. cit., plate 3. 
6 H. W. Fairbanks: op. cit., p. 91. 

51 Ibid., p. 92. 

62 A, J. Ellis and C. H. Lee: op. cit., p. 41. 
53M. Hanna: op. cit., p. 228. 
%C, O. Sauer: op. cit., p. 221. 
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resembling an ancient valley. He believes > that the Ballena gravel 
is of Eocene marine origin, correlating with the Poway conglomerate, 
and that “the smooth narrow summit crests of the gravel ridges may 
represent remnants of an Eocene surface” (marine terrace). He men- 
tions similar gravels on a larger scale in the Valle de las Palmas in 
Lower California at an altitude of 2,500 to 3,000 feet. He concludes ** 
that the gravels (of marine origin) “indicate an Eocene marine terrace 
(anti-planicie) now much dissected and warped” at a general level 
of about 2,500 feet on the “western flank of the highland, extending 
far into Lower California.” Bryan and Wickson *’ point out some of 
the difficulties in the way of this interpretation. 

It is, to say the least, difficult to imagine the persistence, in any 
recognizable form, of a marine terrace dating from Eocene time. The 
writer has certainly seen no evidence of such a terrace extending across 
the Cuyamaca quadrangle. The gravels of the Peninsular Range are 
not all at or near an altitude of 2,500 feet. Thus, several years before 
Fairbanks called attention to the Ballena gravel, Lindgren ** described 
a remarkable example of auriferous gravels of distinctly non-local 
origin near Campo Nacional in northern Lower California. These 
gravels, at an altitude of nearly 5,000 feet, lie at the top edge of the 
great eastern scarp, which is there about 4,000 feet high. The evidence 
is clear and conclusive that these gravels were deposited by a large 
river, no doubt flowing from the east, before the Peninsular Range 
had its present form and height, and that this river was cut off by the 
development of the great eastern fault scarp accompanied by general 
westward tilting of the whole great mountain block. The gravels 
already described as occurring in Jacumba Valley and vicinity may 
fall in this category. ' 

Lindgren ®* has also described similar auriferous Tertiary stream 
gravels on the western slope of the Sierra Nevada, in some cases high 
up on that slope. He says © that “when the oldest gravels, probably 
of Eocene age, began to accumulate the Sierra Nevada was a moun- 
tain range” though probably not as high as at present and that erosion 
continued during the rest of the Tertiary at a slow rate." The Ballena 
gravel may have been deposited under similar conditions. 


Ibid., p. 222. 
8 Ibid., p. 248. 
87K. Bryan and G. Wickson: op. cit., p. 289. 
88 W. Lindgren: Notes on the geology of Baja California, Mezico, Calif. Acad. Sci., Pr., vol. 1 
(1888) p. 192-193. 
8° Idem.: The Tertiary gravels of the Sierra Nevada of California, U. 8. Geol. Surv., Prof. 
Paper 73 (1911). 
© Jbid., p. 37. 
61 Jbid., p. 44, 49. 
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The writer ® has described stream gravels and boulders of non-local 
origin at several places on the Deep Spring Range of California, all 
of them at, and near, the top of a little eroded fault scarp, 1,000 to 
1,500 feet high. 

It is confidently believed that all of the gravel deposits above men- 
tioned, including the Ballena gravels, indicate deposition since rather 
late Eocene time, but before the present-day fault-block mountains 
of the several regions were formed. In regard to the Ballena gravels 
it may be argued that they were deposited either in a northeasterly 
arm of the late Eocene (Poway) sea, or in a river valley leading into 
the Poway sea, or in a still later Tertiary river valley, but that they 
represent an Eocene marine terrace seems to be out of the question. 
Sauer argues that the gravels cap ridges and that nothing resembling 
ancient valley walls now occur, but such things would be expected. 
The gravels cap ridges because they are mere remnants of erosion of 
formerly much more widespread gravel deposits. 

The Ballena gravel (or conglomerate) is usually well enough con- 
solidated to offer considerable resistance to erosion. The stream grav- 
els described by Lindgren in Lower California and in the Sierra Nevada 
also often occur on hills. Old valley sides have, of course, been con- 
siderably modified by erosion and faulting of the region, but, even so, 
the existing topography is by no means out of harmony with the idea 
that a wide ancient river valley once extended from north of Santa 
Ysabel southwestward past Witch Creek, Ballena, and the San Vicente 
Valley region. 

Whatever may have been the origin of the Ballena gravels, since 
their deposition the earth blocks on which they rest have been up- 
faulted so that the most extensive gravel beds (at 1,800 to 2,400 feet) 
lie on the southeastern part of the large Ramona fault block, while the 
small patch (at 3,000 feet) near Witch Creek lies at the edge of a still 
more elevated block. The lowest gravel areas (at 1,800 to 2,000 feet) 
are on the west, and they lie 600 to 800 feet above, and not far from, 
the edge of the marine terraced Poway conglomerate (Poway mesa), 
the gravels being on the Ramona block which is up-faulted against the 
Poway mesa. 


SUMMARY OF PHYSIOGRAPHIC HISTORY 


In the late Jurassic, at the time of the Sierra Nevada Revolution, 
the whole San Diego County region was subjected to strong folding 
and extensive batholithic intrusions. 


eW. J. Miller: Geology of Deep Spring Valley, California, Jour. Geol., vol. 36 (1928) p. 523-524. 
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During the earlier Cretaceous the newly formed mountains were 
vigorously eroded, there being no Lower Cretaceous sediments in any 
part of the region. 

Deposition of the Upper Cretaceous sediments occurred along the 
western margin of the region, followed by uplift and some erosion of 
these sediments. 

During the later Eocene, deposition of marine sediments, including 
the Poway conglomerate, occurred on the Pacific side of the highland 
region of San Diego County, which may have been separated from the 
marginal sea by a fault zone.® At this time the Ballena gravels, prob- 
ably correlative with the Poway conglomerate, were deposited locally 
on the western slope of the highland. 

During Eocene time the highland region continued to be vigorously 
eroded and the Jurassic batholiths were largely unroofed, but the relief 
must still have been fairly high in the late Eocene, because, according 
to Hanna,“ formations of that age in the La Jolla quadrangle contain 
many large boulders of the batholithic rocks. He states that “the 
actual (amount) of relief as indicated by the buried hills of the Black 
Mountain (Triassic ?) volcanics and batholithic rocks was at least 
1,000 feet.” 

During middle Tertiary time the whole San Diego County region 
suffered erosion, though at a diminishing rate, and the Poway strata 
were partly removed, there being no recognizable middle Tertiary 
sediments in any part of the whole region. 

During the Pliocene there was enough general subsidence to allow 
deposition of the marine San Diego formation on the west. 

In early Pliocene (or late Miocene) time, marine strata were laid 
down on the Imperial Valley side of the highland regipn, there being 
fine exposures of these rocks in the Coyote Mountains. 

The highland area, already topographically subdued, continued to 
be lowered during the Pliocene so that by the end of that epoch, or 
the beginning of the Quaternary, it was in a condition varying from 
late old age to a peneplain with small and large monadnocks scattered 
over the surface. 

In the earlier Quaternary there began the great general uplift of the 
highland area, accompanied by much block faulting and great move- 
ments along the Elsinore fault zone on the east. The great eastern 
scarp, numerous fault-block plateaus, and various graben valleys were 
then formed. Much, or all, of this general uplift occurred after the 


68 A. J. Ellis and C. H. Lee: op. cit., p. 75. 
% M. Hanna: op. cit., p. 227. 
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San Diego (Pliocene) formation was laid down and before the highest 
and oldest (Poway) marine terrace was formed in late Quaternary 
time. According to Hanna,® folding and faulting occurred in the La 
Jolla quadrangle in this interval of time. This means that topographic 
expression of those faults which cross the terraced areas is wholly, or 
largely, lacking because of marine planation. 

In later Quaternary time the general upward movement, accom- 
panied by faulting, greatly diminished or practically ceased. Erosion, 
which had already modified the uplifting region, now predominated, 
and stream-cut valleys, 500 to 1,000 feet deep, resulted. Also during 
part of the later Quaternary the coastal region just west of the highland 
area was under the sea and then emerged intermittently hundreds of 
feet out of the sea, leaving a succession of marine terraces, including 
the 900- to 1,200-foot high Poway terrace. To what extent these 
coastal movements affected the general highland region is not defi- 
nitely known, but very likely it was more or less involved. 

During latest Quaternary time the highland region has probably been 
little affected by faulting, but many valleys have been deepened as 
much as 500 feet by erosion, as proved by the fact that streams have 
cut that deeply into the late Quaternary Poway terrace. 


Ibid. 
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INTRODUCTION 


Beach sands of the Atlantic coast of the United States, from Charles- 
ton, South Carolina, southward to Cape Florida, near Miami, were 
studied. South of that point they are of small extent and almost 
wholly calcareous. 

Although the primary consideration was the mineral composition, 
attention was given also to the texture and to the geologic factors which 
influence the various characteristics. As the gathering of information 


* Manuscript received by the Secretary of the Society, July 26, 1934. 
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on mineral composition progressed, it became apparent that the prob- 
lem of explaining the variations is complex. The writer realizes that 
the field work and sampling are inadequate to solve the whole prob- 
lem, and, therefore, this paper must be regarded as a preliminary study. 

The sands studied were collected while the writer was in the employ 
of the Florida State Geological Survey, from 1927 to 1929. The com- 
pletion of the laboratory work and the preparation of this report was 
made possible by a grant from the Penrose Bequest of the Geological 
Society of America. Herman Gunter, State Geologist of Florida, and 
Gerald M. Ponton, formerly assistant geologist on the Florida State 
Geological Survey, cooperated in furnishing specimens and notes from 
the Survey’s files. Byron F. King ably assisted the writer in the labo- 
ratory work other than the microscopic examinations. For the use 
of the necessary apparatus for making the sieve tests the writer is 
indebted to the West Virginia State Road Commission laboratory at 
Morgantown. 

COLLECTION OF SAMPLES 


The method of collecting samples was not strictly uniform, partly 
because the entire project was not planned in advance, and partly be- 
cause of the varying characteristics of the beach at different localities, 
together with the different conditions of tide and weather. Usually a 
vertical cut, from 6 inches to 2 feet, was made at or near high tide 
line, and as nearly as possible an average sample was taken from the 
side of this cut by means of a small flat trowel. The samples averaged 
about two pounds. In places, where the beach sloped rather steeply, 
a sample was taken from the face of a small wave-cut cliff. At 
most localities the composition and texture of the sand undoubtedly 
vary with weather conditions and position between high and low tide. 
It was not practicable to collect and examine enough samples to study 
adequately these variations. 

Several samples represent natural concentrates of heavy minerals. 
Most of these are from the upper part of the beach; some include 
alternating layers of quartz and dark heavy sand; others are from 
a single dark layer. The approximate positions of the sample locali- 
ties are shown on the map (Fig. 1) and in Table 1. 


LABORATORY METHODS 


Textures were studied by means of tests with standard sieves, which 
were shaken for 20 minutes in a “Ro-Tap” machine. 

If the shell content was of significant amount, this was determined 
by loss of weight after treatment with dilute hydrochloric acid. The 
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only other soluble material present is collophane, which, however, 
is in negligible amounts. 

The heavy minerals of the insoluble residue were separated with 
bromoform of specific gravity 2.85. If the amount of shell was small 
the separation was made on a portion of the original sample. For 
determination of the shell content and for separation of the heavy 
minerals, the original sample was in most cases reduced to 5 to 10 
grams by means of a sample splitter of the Jones type. However, for 
some of the coarser sands with much shell, it was necessary to take 
30 to 40 grams in order that the amount of heavy mineral grains might 
be adequate for microscopic study. Only the portion of these coarser 
sands which passed a sieve of half a millimeter opening was used in 
the bromoform separation. This is permissible because of the exceed- 
ingly small number of heavy grains of larger size. 

The light minerals were mounted in Canada balsam. The heavy 
minerals were examined in permanent mounts in piperine and tempo- 
rary mounts in liquids of high refractive index. Relative amounts of 
the different minerals were determined by counting grains. On the 
light portions only the relative amounts of quartz and feldspar were 
determined; whereas, on the heavy portions all the minerals were 
counted. 

COLOR 


All the sands are much lighter than any of the colors on the Gold- 
man chart. Many of those richest in quartz are almost white. Those 
containing abundant shell fragments are commonly light yellow to 
light orange. 

The sands with large amounts of both quartz and heavy minerals 
have a “pepper and salt” appearance. The nearly pure heavy con- 
centrates appear almost black, but, on closer inspection, the yellowish 
green of epidote and the brown of staurolite are generally apparent. 


TEXTURE 
GENERAL DESCRIPTION 


Table 2 gives the results of sieve tests in terms of per cent retained 
on each sieve. These percentages show the distribution of grains ac- 
cording to size, but a better method of comparing the coarseness, de- 
gree of sorting, and other textural characteristics is to compute certain 
statistical constants, following the method described by Trask,? who 


1 Prepared under the auspices of the Division of Geology and Geography of the National 


Research Council. 
2 Parker D. Trask: Origin and environment of source sediments of petroleum (1932) p. 67-76. 
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makes use of three constants—the median diameter (M), the coefficient 
of sorting (So), and the coefficient of skewness (Sk). 

Half of each sample (by weight) is composed of grains larger in 
diameter than the median; the other half, of grains smaller than this. 
The median diameter is determined from the cumulative mechanical 
analysis curve, which also shows the total per cent by weight which 
is smaller than any 


given size. Figure 2 : 
is an example of this ain 
type of curve, plotted se ARTILE 
on semi-logarithmic 
paper because this <MEDIAN 
makes the central part QUARTILE 
of the curve nearly a & 20 
straight line. 

The coefficient of 
sorting was devised to 10) 
show the degree of = 
sorting. It is based ae 78 100 
on the first and third Figure 2.—Cumulative mechanical analysis curve 
quartiles. Sand No. 29, from Riviera, Florida. 


Similar to the median diameter, there are two diameters in the size distribution 
that separate each half into equal parts. These are called the first and third 
quartile diameters. They are indicated by Q: and Qs, respectively. One-fourth 
of the weight of the sediment is composed of constituents larger in diameter 
than Q: and three-fourths the weight of the deposit consists of particles larger 
in diameter than Q;.3 


The quartiles are also scaled from the mechanical analysis cumu- 
lative curve. The coefficient of sorting, So, is defined as the square 
root of the ratio of the first and third quartile diameters. For perfect 
sorting the coefficient of sorting would be unity, because all the grains 
would then be of the same size. The smaller the coefficient, the higher 
is the degree of sorting. 

The coefficient of skewness, Sk, is expressed as the product of the 
first and third quartiles divided by the square of the median diameter. 
It indicates the position of the mode with respect to the median and, 
therefore, gives an idea of the symmetry of the distribution of particles 
on the two sides of the median. If the coefficient of skewness is greater 


3 Parker D. Trask: op. cit., p. 71. 
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than unity, the mode lies on the fine side of the median; if less, the 
mode lies on the coarse side. 

The extreme range in median diameters is from 0.108 millimeter 
(No. 8) for a natural heavy concentrate sand from Georgia, to a maxi- 
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MILES ALONG COAST SOUTH FROM CHARLESTON LIGHT 
Ficure 3.—Relation of median size of ordinary beach sand to geographic position 


mum of 0.69 millimeter (No. 33) for a highly calcareous sand from 
near Miami Beach. In this coarsest sand there are a few quartz grains 
as large as 114 millimeter. No pebbles of any kind except shell and 
coquina occur on these beaches. The sands containing small percent- 
ages of shell particles or heavy minerals have a much narrower range 
of grain size, those tested having median diameters between 0.126 and 
0.235 millimeter. 
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Following the classification of Wentworth,* the beach sands of South 
Carolina, Georgia, and of most of the northern part of the east coast of 
Florida and of Cape Canaveral, would be described as fine (4% mm. 
to 14 mm.) ; the calcareous sand of the southern half of the east coast 
of Florida, and also in Flagler County and the northern part of Volusia 
County, is medium (14 mm. 
to % mm.) to coarse (4% mm. 
to 1 mm.). The sand of Co- 
coa Beach is about on the bor- 
der line between fine and very 
fine with a median diameter 
of 0.126 millimeter, whereas 
the sand of the littoral dune 
at that locality has a median 
diameter of only 0.122 milli- 
meter, making it very fine ° MILES ALONG COAST SOUTH 
(46 mm. to &% mm.). None FROM CHARLESTON LIGHT 
of the sands collected could be Ficune 4.—Relation of median size of heavy con- 

2 centrates sands to geographic position 
described as very coarse (1 
mm. to 2 mm.), although at many localities it would be possible to 
find thin streaks of very coarse shell sand. 

Figure 3 shows the variation in median diameters in relation to geo- 
graphic position. Only sands with six per cent or less of heavy min- 
erals are included, because those with a higher content of heavy 
minerals are too fine to be representative. Closer sampling might show 
more variations in the median diameter, due to coquina outcrops, in- 
lets, and protective works such as groins and jetties. Figure 4 shows 
separately the relation between median diameter and geographic posi- 
tion for the few samples containing 70 per cent or more of heavy 
minerals. 

A sediment is classed as well sorted if the coefficient of sorting is 
less than 2.5. These beach sands are therefore well sorted, for their 
coefficients range from 1.10 to 1.76. Indeed, the only two sands that 
have a coefficient exceeding 1.50 contain unusual amounts of fairly 
coarse, flat shell fragments. The median sorting coefficient is 1.28, 
and the most frequent value is 1.27. There is no well-defined tendency 
toward increase or decrease of the coefficient toward the south. 

The extreme range of the coefficient of skewness is from 0.79 to 1.33. 
For most of the samples it is close to unity, indicating that the median 
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*C. K. Wentworth: A scale of grade and class terms for clastic sediments, Jour. Geol., vol. 30 
(1922) p. 382. 
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size is nearly the same as the mode or size of greatest frequency. This 
also means that the distribution of grains according to size is rather 
symmetrical about the median. 
RELATION OF TEXTURE TO COMPOSITION 

Amount of Heavy Minerals——The heavy concentrates are finer than 
the ordinary beach sands with which they are associated. This is 
illustrated in Table 3. Where the degree of concentration of heavy 
minerals in the sand is small, as at Daytona Beach, there is only a 
slight difference in texture between the heavy concentrate and the more 


TasLe 3—Comparison of grain size of ordinary sands and heavy concentrates 


Median diameters, millimeters 
Locality 
Heavy Ordinary 

Concentrates Sands 


quartzose sand. Considering the portion of the coast from Charles- 
ton to Daytona Beach and omitting two highly calcareous sands, one 
finds that the median diameters of seven light-colored quartz sands 
average .191 millimeter, whereas the median diameters of six sands 
containing more than 50 per cent of heavy minerals average .123 
millimeter. The coarsest of these six heavy sands is finer than the 
finest of the seven quartz sands. 

The reason for the heavy sands being finer is not difficult to find— 
the waves can move a large particle of low specific gravity more easily 
than one of high specific gravity. Thus most of the quartz grains of 
the same size as the grains of ilmenite, zircon, and other heavy minerals, 
will have been carried away as have also some which are considerably 
larger. Abrasion also tends to concentrate the heavier minerals in the 
finer-grained sands.° 


5 W. W. Rubey: Size-distribution of heavy minerals within a water-laid sandstone, Jour. Sed. 
Petr., vol. 3 (1933) p. 3-29. 
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Throughout the microscopic work it was noticed that the heaviest 
minerals, such as zircon and ilmenite, generally occur in smaller 
grains than those, such as hornblende, sillimanite, and epidote, which 
have an appreciably lower specific gravity, although heavier than 
bromoform. In order to show more clearly how the mineral composi- 
tion of the different size fractions of a sand varies, grain counts were 
made on the several portions into which a heavy concentrate sand 
had been separated by sieving. This sand contains 28 per cent of 


TaBLe 4—Relation of grain size to composition in beach sand from Hollywood, 
Florida (sample No. 32) 


Size limits 

(millimeters)... .. .833 to 1.981 | .417 to .833 | .295 to .417 | .175 to .295 | .147 to .175 | .074 to .147 
Total grains counted.|............ 1081 1492 2280 865 743 

Per cent by number of grains 

42 62 48 13 38 
re 100 58 37 29 9 11 


heavy minerals and 36 per cent of soluble material by weight. Table 
4 gives the results of these counts. 

Quartz reaches a maximum of 62 per cent in the plus 0.295 millimeter 
or 50-mesh fraction. The small part of the sand coarser than 0.833 
millimeter (20 mesh) consists entirely of shell. With decreasing size 
of grain the percentage of shell decreases, except that a little more 
shell is retained on the 0.074-millimeter sieve than on the next coarser 
one. Ilmenite, rutile, and garnet are alike in being most abundant in 
the 0.147- to 0.175-millimeter material, whereas the most epidote and 
staurolite is in the next coarser fraction. Zircon is definitely limited 
to the finer sizes. 


Amount of Shell—tIn general, the sands with a large proportion of 
shell fragments are coarser than those with little shell. This is only 
partly a direct effect of the shell itself, since the quartz grains are also 
large where there is more shell. Thus the conditions favoring coarser 
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texture may also favor abundance of shell. To show more plainly 
the apparent relation between median grain diameter and amount of 
shell, the sands on which sieve tests had been made were divided into 
groups on the basis of percentage of material soluble in acid, which is 
nearly equivalent to percentage of shell. Table 5 and the graph (Fig. 

5) show plainly the increase in 


60 median size with the increase in 
ssot ~ | shell content. In view of the large 
a Pa variation of the individual sam- 
z4 
= ples, the close approximation of 
the averages for the four groups 
ot atl to a straight line is probably with- 
z o out much significance. 

MacCarthy* found for the 
. beach sands of North Carolina 


‘ PER y cama 60 70 and South Carolina that coarser 
5.—Relation | between average sands contained more shell than 
cont verage median size ain 
groupe of beach sands - finer ones. 


SHAPES OF GRAINS 


No quantitative studies of the degree of rounding of the sand grains 
were made, but a few general observations may be stated. As is gen- 
erally the case in sands which have been transported any considerable 
distance by water, the larger quartz grains are distinctly more rounded 
than the smaller ones. The coarsest sands collected and studied by 
the writer are those near Flagler Beach and those on the southern part 
of the Florida coast, and these are also the most rounded. In general, 
throughout the whole distance there are few well-rounded quartz 
grains, many of the larger ones are moderately rounded to subangular, 
and the finer ones are nearly all angular to subangular. 

MacCarthy,’ following the method of Cox,® has made determinations 
of the roundness of quartz grains from three localities in Florida— 
namely, Flagler Beach, Chester Shoal (about 15 miles north of Cape 
Canaveral), and Gilbert’s Bar (18 miles north of Jupiter and about 
440 miles south along the coast from Charleston Light). His measure- 
ments show that all three of these Florida sands are less rounded than 


® Gerald R. MacCarthy: Coastal sands of the eastern United States, Am. Jour. Sci., vol. 32 
(1931) p. 47. 

17 Ibid., p. 35-50. 

SE. P. Cox: A method of assigning numerical and percentage values to the degree of roundness 
of sand grains, Jour. Pal., vol. 1 (1927) p. 179-183. 


7 
Ae 
| 
Lied 


SHAPES OF GRAINS 1575 


seven out of eight beach sands from the Atlantic coast between Dela- 
ware and Chesapeake bays. Most of the beach sands from northern 
Florida, and all of the small number from Georgia and South Carolina 
which were examined by the writer, seem to be less rounded than those 
from the Florida localities just mentioned, but they are also finer in 
texture. 

To determine whether there is any increase in roundness of the 
quartz grains toward the south, resulting from greater distance of 


Taste 5.—Relation between shell content and median size of sands 


Limits on Average Average 
Number of sands per cent per cent | median size 
soluble soluble (mm.) 
50-75 62 512 


transportation, it would be necessary to make quantitative measure- 
ments of the roundness of a large number of grains of various sizes 
from each of several localities. Shapes of grains of corresponding 
sizes could then be compared. 

Several of the softer minerals tend to be more rounded than the 
quartz. This is particularly true of the shell fragments and collo- 
phane grains, but the latter may have been round in the source rock. 
Because of the softness of calcite the shell fragments become thor- 
oughly rounded, smoothed, and polished by the action of the waves. 
This greater rounding of the shell fragments probably accounts for 
the surface of the beaches where there is more calcareous material in 
the sand being softer and more yielding than where the sand is highly 
siliceous. 

Of the minerals widely distributed from original sources outside the 
Coastal Plain, monazite and titanite are the softest and most rounded. 
The high specific gravity and relative softness of monazite are both 
factors favoring rounding, and some very small grains are well rounded. 
The degree of rounding of the other heavy minerals varies greatly with 
the original shape, the cleavage, and the hardness. Several of the 
harder minerals, particularly zircon and tourmaline, have distinct 
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crystal faces; nor are these entirely limited to the smallest grains, 
which tend to be least worn. 

Flat or elongate grains are not likely to be found abundantly in 
beach sands because of the rigorous conditions of wear and sorting. 
Hornblende, sillimanite, and other prismatic minerals are much more 
elongate in some other types of sediments. Flaky minerals such as mica 
and chlorite are scarce and are to be found chiefly on the lower edge 
of the beach. They are best shown by sample No. 12, from Duval 
County, Florida, which also contains small amounts of biotite and 
graphite. These minerals may be more plentiful in the offshore 
deposits. 

MINERALOGY OF THE SANDS 
MINERALS PRESENT 


Calcite, in the form of shells or shell fragments, is present to some 
extent everywhere along this coast. The amounts of acid-soluble ma- 
terial (Table 6) are very nearly an indication of the amount of calcite 
present. Sands on the keys south of Cape Florida are composed almost 
entirely of calcium carbonate. 

A small proportion of the shell fragments sinks in bromoform. This 
suggests that aragonite, as well as calcite, is present. 


Collophane,’ which is the principal mineral of the Florida phosphate 
deposits, occurs in nearly perfect spherical form, and to a smaller ex- 
tent as more irregular pieces. In the sands from northeastern Florida 
there are a few small fish teeth composed of collophane. Collophane 
occurs in the sand from Folly Beach, near Charleston, from Tybee and 
St. Simon Island, Georgia, and from several localities in Florida be- 
tween Amelia Island in the north and Miami Beach in the south. The 
amount decreases from north to south in Florida, and on the southern 
part of the east coast of Florida, collophane is scarce. 

The source of the collophane grains is probably in the phosphatic 
marls or soft limestones of Miocene age which are being eroded at 
various localities from South Carolina to northern Florida. The soft- 
ness of this mineral, and consequent easy destruction by abrasion, is an 
important factor in its rapid decrease in abundance with increase in 
distance from source. 

Epidote is everywhere present in the beach sands, and in many places 


its abundance gives a greenish yellow color to the heavy portion sepa- 
rated by bromoform. Epidote is the most abundant of the heavy min- 


®°J. H. C. Martens: Detrital collophane, Am. Min., vol. 17 (1932) p. 153-155. 
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erals, especially in the finer sands. The largest grains in any of the 
samples are slightly under one millimeter in diameter. 


Feldspar is, next after quartz and shell, the most abundant constitu- 
ent of many sands. Orthoclase and microcline are combined as potash- 
feldspar in the grain counts of the light portions (Table 6). In the 
sand from Folly Beach, South Carolina, the plagioclase is estimated 
at half as much as the potash-feldspar, which brings the total feldspar 
content of that sand to about nine per cent. Several other samples 
contain plagioclase in small amounts. 

The feldspar is usually only slightly altered. The largest propor- 
tion of altered grains was observed in the sands of Georgia and South 
Carolina; to the south the proportion of such grains decreases, per- 
haps because they are softer and more easily destroyed by abrasion. 


Garnet is present in all the sands, in proportions varying from 0.3 
to 8.5 per cent of the heavy fraction. Its relative abundance is great- 
est between Melbourne and Miami, Florida. The grain size ranges 
up to 1 millimeter. 

Hornblende is present at every locality investigated, although scarce 
in some of the natural heavy concentrates. From a maximum of 34 
per cent in the heavy fraction of the sand of Folly Beach, South Caro- 
lina, there is a large but irregular decrease in abundance to the south- 
ward. The small amount of hornblende still remaining in the beach 
sand near Miami is fresh and unaltered. The percentage of hornblende 
grains (6.2) in the heavy fraction of sample No. 33, from the northern 
part of Miami Beach, is abnormally high for the sand of that region. 


Hypersthene is present in greatest relative amount in the sand of 
Folly Beach, where it is 0.3 per cent of the heavy fraction. To the 
southward the amount of hypersthene decreases, and in most samples 
there is none. 


Ilmenite, present everywhere in the beach sands, is the principal 
component of the dark streaks which may be seen in many places, 
especially on the back part of the beach and on nearby dunes. All 
the black opaque grains were counted as ilmenite, although it would 
perhaps have been better simply to designate them as “black opaque,” 
since other minerals are, no doubt, included. 

The ilmenite grains generally show a moderate degree of rounding. 
The usual size of grains in the vicinity of Mineral City, where ilmenite 
was produced commercially, is about 0.1 millimeter. In the coarser 
sands a few are as large as 0.3 millimeter. 
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Kyanite is present in all the sands, the amount varying from 0.1 
to 2.6 per cent of the heavy fraction. Some of the larger grains from 
the beaches farther south have rounded ends and tend to be less elon- 
gate. This probably does not indicate a different source rock, but is 
related to the coarser texture and the greater distance of transporta- 
tion as compared with sands farther to the north. 


Leucozene, present in all the heavy fractions, is not abundant. 


Magnetite occurs sparingly in the beach sands as far south as 
Mineral City, Florida, and south of that point none was found. Tests 
with a weak magnet on natural heavy concentrates from places 
between Mineral City and Charleston show that, at most, magnetite 
amounts to less than one per cent of the black opaque grains in the 
sand. 


Monazite occurs in the sand throughout the length of the beach 
under consideration. Because of its high specific gravity (5.1) it is 
relatively more abundant in the natural heavy concentrates than in 
the ordinary siliceous sands. The grains average around 0.1 milli- 
meter in diameter and generally are well rounded. 

Although the high specific gravity and comparative softness of 
monazite make it more subject to wear than most of the detrital 
minerals, it persists for a long distance from the source, as shown 
by the occurrence of grains as large as 0.26 by 0.17 millimeter in 
the sand from Olympia Beach, Florida, and 0.16 by 0.11 millimeter 
in the sand from Miami Beach, Florida. Many localities in Georgia 
and the Carolinas are possible sources. 


Muscovite is not common, but is present at both end localities, and 
was observed at a few intervening points. The bottom deposits a 
short distance offshore might be expected to contain more muscovite, 
but this is not verified by the observations of Tyler.’° 

Sample No. 12, collected at low tide from the lower edge of Man- 
hattan Beach, Duval County, Florida, contains two or three per cent 
of muscovite flakes, which is by far the greatest amount in any of 
the samples studied. The general scarcity of muscovite in the beach 
sands is due to conditions of sorting, and is not an indication of the 
scarcity of this mineral in the source rocks, or of its destruction by 
weathering or abrasion. 


2° Stanley A. Tyler: A study of sediments from the North Carolina and Florida coasts, Jour. 
Sed. Pet., vol. 4 (1934) p. 3-11. 
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Quartz is the most abundant mineral, except in some cf the highly 
calcareous sands of southern Florida, and in some of the natural heavy 
concentrates. In South Carolina and Georgia some of the quartz 
grains are limonite-stained and some have coatings of cloudy white 
material. The grains in the Florida sands appear cleaner, probably 
because they have been subjected to more abrasion while traveling 
the greater distance from the source in the Piedmont region. As far 
south as Cape Canaveral, chlorite is fairly common as inclusions in 
the quartz or as small pieces attached to the outside of the grains. 
The occurrence of the chlorite in the smaller quartz grains only and 
its absence from the sands of the south half of the Florida coast, where 
the sands have traveled farther, may be explained by its incompetence. 

A small proportion of the coarser quartz grains are light-blue by 
reflected light and brown by transmitted light. High magnification 
reveals a multitude of minute brown inclusions, which are probably 
rutile. Other inclusions are tourmaline, zircon, potash-feldspar, and 
sillimanite. 


Rutile is invariably present in amounts varying from 1 to 10 per 
cent of the heavy minerals. It is concentrated on some parts of the 
beach with zircon and ilmenite, and was one of the minerals sepa- 
rated in the plant erected near Mineral City, Florida. The size of 
the rutile grains averages a little above that of the zircon and ilmen- 
ite, but 0.3 by 0.4 millimeter was the largest noted. 


Sillimanite occurs principally in colorless transparent grains, each 
composed of a single prismatic crystal. Many are rather elongate, 
but in the coarser sands of the southern part of Florida the grains 
are more chunky and the ends often rounded. This is probably due 
to greater wear rather than to any different source. 


Staurolite is present in all samples, and is often visible to the un- 
aided eye. On the southern part of the coast, as shown by the table 
of grain counts, staurolite makes up a higher percentage of the heavy 
minerals than on the northern part. 


Tourmaline is invariably present. The amount varies from less 
than 0.1 per cent in some of the natural heavy concentrates to 21 
per cent in the small heavy fraction of a sand from Miami Beach, 
and, relative to total heavy minerals, increases with coarseness of 
grain and distance which the sand has been transported to the south- 
ward, and decreases with increasing percentage of heavy minerals 
in the sand. The first two of these factors affect hornblende and tour- 
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maline in opposite ways; the sorting according to specific gravity 
affects both in the same way. 

Zircon is ever present and is one of the most abundant heavy min- 
erals. It occurs in perfect or nearly perfect crystals more often than 
any other mineral. The largest elongated zircon crystal seen was 
0.20 by 0.6 millimeter, and the largest nearly round grain was about 
0.25 millimeter in diameter. Many crystals in the finer sands are 
around 0.1 millimeter in greatest diameter; elongated ones are often 
no more than 0.05 millimeter wide. Some of the smaller grains are 
nearly round, but they may have been so in the beginning. Nearly 
all of the zircon is colorless, but there are a few purple or lavender 
grains. 

Other minerals present sparingly in the sand at some or all of the 
localities studied are anatase, andalusite, biotite, chlorite, chloritoid, 
corundum, diopside, graphite, spinel, titanite, xenotime, and zoisite. 

VARIATIONS IN SHELL CONTENT 

The determinations of material soluble in dilute hydrochloric acid, 
which were made on many of the samples, and which are recorded 
in Table 6 and plotted graphically on Figure 6, will give an idea of 
the amounts of shell present in the sand from different localities. 
Hamaker *™ and MacCarthy ** give the results of calcium carbonate 
determinations on a large number of Atlantic Coast beach sands, most 
of which are from places north of Florida. 

From St. Augustine southward, part of the shell fragments are not 
derived from recently living shells, but from coquina outcrops exposed 
to wave erosion. A large local increase in the shell content is derived 
from the coquina outcrop at the north end of Anastasia Island. Ha- 
maker reports 48.5 per cent of calcium carbonate in the sand at that 
point. The shell content becomes small again a few miles farther 
south. 

At “The Rocks,” four miles south of Matanzas Inlet, Florida, the 
erosion of a large coquina outcrop contributes shell to the sand for 
some miles to the south. From here southward to Daytona Beach, 
where the sand contains little shell, this component decreases. 

A long strip of beach extending to Cape Canaveral, south of Day- 
tona Beach, was not examined by the writer. Hamaker reports 48.0 


uJ. I. Hamaker: The composition of beach sand, with special reference to its organic com- 
ponent, Randolph-Macon Woman’s College, Bull., vol. 16, no. 4 (1930) p. 1-15. 

12 Gerald R. MacCarthy: Calcium carbonate in beach sands, Jour. Sed. Pet., vol. 3 (1933) 
p. 64-67. 
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per cent of shell in the sand from Mosquito Lagoon Coast Guard 
Station, 29 miles south of Daytona Beach, and 14.8 per cent of shell 
at Chester Shoal, 46 miles south of Daytona Beach. At Cocoa Beach 
and between there and Cape Canaveral the amount of shell in the 
sand is small. Southward from Melbourne the sand probably contains 
at least 20 per cent of shell everywhere, and the amount increases to 
much more than this in the vicinity of Miami. Many of the shell 
fragments on the ocean beach between Melbourne and Miami are 
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Figure 6.—Relation between shell content and geographic position of sands 


derived from outcrops of coquina or of consolidated calcareous beach 
sands in which the shells have been broken. Outcrops of such ma- 
terials are at Eau Gallie, 4 miles north of Jupiter, 7 miles south of 
Palm Beach, and at Boca Raton. Whether most of the shell on the 
beach of the east coast of Florida is of strictly recent age or is derived 
from this older formation, probably the smaller supply of siliceous 
sand from the north is responsible for the increase in abundance of 
shell to the south. On the keys south of Cape Florida such small 
beaches as are present are composed almost entirely of shells and shell 
fragments. 
VARIATIONS IN RELATIVE AMOUNTS OF QUARTZ AND FELDSPAR 
The line in Table 6 headed “ratio of potash-feldspar to quartz” 


gives the results of grain counts on the light portions of the sands.’* 
By weight or volume, there would be less feldspar than by number 


18 J, H. C. Martens: Persistence of feldspar in beach sand, Am. Min., vol. 16 (1931) p. 526-531. 
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of grains, because the average size of the feldspar grains is smaller. 
For the sands south of Fort Pierce the number of feldspar grains 
is so small that the figures given can be considered only as rough 
approximations. Those for samples No. 33 and No. 35 are based on 
estimates rather than actual counts of the number of quartz grains 
in several slides examined. 

Comparison of the figures for the potash-feldspar/quartz ratio for 
various localities shows a large, but very irregular, decrease in abun- 
dance of feldspar from north to south. Part of this is probably due 
to the lesser resistance of the feldspar grains and their consequent 
destruction during transportation. The other important factor deter- 
mining the abundance of feldspar is the texture of the sand; there is 
more feldspar in the fine sand than in the medium to coarse. This is 
probably because of the cleavage of the feldspar and its greater ease 
of alteration and lower hardness compared with quartz. 

The two sands from Cocoa Beach, which have a much larger feld- 
spar content than those of the nearest beaches sampled to the north 
and south, have a fine texture. The sands from the southern part of 
the Florida coast have the smallest ratio of feldspar to quartz, and 
have the coarsest texture. If finer sands could be obtained from the 
bottom deposits in front of the beach from Melbourne southward, the 
amount of feldspar in them would help to show better the relative 
importance of texture and distance of transportation in determining 
abundance of feldspar in the coastal sands. 


VARIATIONS IN TOTAL HEAVY MINERAL CONTENT 


The heavy mineral content may vary locally from a few tenths 
of a per cent to over ninety per cent. The sands with the higher per- 
centages of heavy minerals are referred to in this report as natural 
heavy concentrates; because of the predominant dark color they are 
often called “black sands.” For purposes of tabulating the results 
of the grain counts, 5 per cent of heavy minerals in the sand as col- 
lected was taken as the dividing line between “ordinary beach sand” 
and “heavy concentrate,” although the average heavy mineral content 
of the sand is far under that figure. Most of the samples which were 
intentionally taken to represent heavy concentrates had a far greater 
percentage of heavy minerals. The distribution and utilization of 
these heavy concentrates has been described in an earlier report.'* 

Since none of the samples was taken as an average of the entire 


4 Idem: Beach deposits of ilmenite, zircon and rutile in Florida, Fla. State Geol. Surv., 19th 
Ann. Rept. (1928) p. 124-154. 
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width and thickness of the beach deposits at a particular locality, it 
is difficult to show definitely how the heavy mineral content of the 
sands varies from north to south. It should be noted, however, that 
several of the samples from southern Florida have a small percentage 
of heavy minerals. Natural heavy concentrates are less common and 
of smaller extent on the southern and central parts of the Florida coast 
than they are in northern Florida, South Carolina, and Georgia, and 
there is probably a corresponding difference in the total amount of 
heavy minerals. This is to be expected from the greater distance of 
transportation of the more southern sands, because many of the heavy 
minerals are less resistant to abrasion than quartz. The same condi- 
tions of sorting which cause the coarser texture of the beach sands at 
the more southern localities might also be expected to result in a 
smaller heavy mineral content.’® 
Shell, if present in any considerable amount, dilutes the heavy min- 
erals and reduces their percentage in relation to the sand as a whole. 


VARIATIONS IN RELATIVE AMOUNTS OF HEAVY MINERALS 


Table 6 shows the variations in relative abundance of the heavy 
minerals in the sands with the usual small amounts of heavy minerals; 
Table 7 shows the same thing for those sands in which the heavy 
minerals have been concentrated to a large or, at least, appreciable, 
extent. The percentages are based on grain counts and, therefore, 
refer to number of grains. Omission of some of the rarer minerals, 
such as andalusite, corundum, and spinel, from the list of those observed 
in certain samples does not necessarily imply that they are any scarcer 
than in those samples where less than one per cent is recorded, because, 
where there is only one grain of a mineral in several hundred, the most: 
carefully made slide may not include it. 

Ilmenite, epidote, hornblende, zircon, staurolite, tourmaline, rutile, 
sillimanite, kyanite, garnet, and leucoxene are the principal heavy 
minerals and the only ones which ordinarily occur in amounts exceed- 
ing one per cent of the heavy fraction. These are all persistently 
present, and the varieties are essentially the same throughout the whole 
distance. Causes of variations in the relative amounts of heavy min- 
erals are 80 complex that they can not be thoroughly analyzed without 
much more work being done. 

Large variations in the proportions of heavy minerals within short 
distances are closely related to the total heavy mineral content or 
degree of concentration of the heavy minerals. The heavy minerals 


%W. W. Rubey: Ibid. 
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have specific gravities from 2.85 to a little above 5. The heavy frac- 
tions of those sands with the greatest total heavy mineral content 
contain the greatest percentage of ilmenite and zircon, which are the 
heaviest of the important heavy minerals. In the heavy fractions of 
16 sands, each having a total heavy mineral content of less than one 


Taste 7—Mineral composition of natural heavy concentrates 


Sample numberst .................. 2] 4] 5] 8] 10/13] 14] 15] 18] 25] 32 
Miles along coast south from Charles- 

4 | 74 | 74 [144 |180 |208 |216 [281 374 |523 
Total number of grains counted... ... 1271|775 |2370]1865|5046|1440 1400/1304 1436]166 1223/672 


Per cent by weight heavier than 2.85..| 67 | 55 | 92 | 88 | 90 | 24] 6 | 24] 14] 8 | 28 


Composition of heavy fraction—per cent by number of grains 


55 | 53 | 62 | 55 | 53 | 56 | 56 | 43 | 46 | 53 | 44] 41 
14 | 14} 25 | 29 | 31 | 23] 19 8 6] 11 | 39} 10 
4 4 3 4 6 5 8 4 4 5 | 10 8 
10; 15] 4] 5] 2] 18/15] 1] 12 
4/4] 1] 2] 1] 2] 3] 6] 5] 4] 2/19 
zs Li =) 2 1] 2] 4] 3] x} 1 


+ Sample localities are given on p. 1566. 
* x indicates that % per cent, or less, of the mineral is present. 


percent, ilmenite makes up an average of 26.5 per cent of the heavy 
minerals; in the heavy fractions of six sands with from one to 50 per 
cent of heavy minerals, ilmenite makes up an average of 43 per cent 
of the heavy minerals; whereas, in the heavy fractions of seven 
sands with from 50 to 100 per cent of heavy minerals, ilmenite makes 
up an average of 54 per cent. In those sands with a small heavy 
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mineral content the minerals of intermediate specific gravity, such as 
hornblende and sillimanite, are relatively much more abundant among 
the heavy minerals. 

The relation between mineral composition and degree of concen- 
tration of the heavy minerals is shown much more clearly by com- 
paring the composition of pairs of samples, from the same or nearly 
the same locality, but differing widely in total heavy mineral content. 
The composition of six such pairs of samples is shown graphically in 
Figure 7. At each locality represented, ilmenite, rutile, and zircon 
are relatively more abundant, and sillimanite, hornblende, and tour- 
maline relatively less abundant in the natural heavy concentrate than 
in the sand containing only a small amount of heavy minerals. 

The proportion of the various heavy minerals is closely related to 
the texture of the sand. Minerals which tend to occur in large grains 
in the source rocks and which do not have good cleavage are more 
abundant, relative to other heavy minerals, in the coarser sands. This 
characteristic, together with the great hardness of the garnet, prob- 
ably accounts for the increased proportion of that mineral in several 
of the sands from Melbourne southward. Staurolite varies in relative 
abundance in much the same way as garnet, and tourmaline seems 
also to be more abundant in the coarser sands. Hornblende tends 
to stay more with the fine sands, the cleavage helping it to break 
into small particles, and the bladed shape of the fragments allowing 
it to be easily moved when in suspension. Epidote is abundant 
throughout, but tends to be more so in the finer sands. 

A comparison of the heavy minerals in samples 22 and 24, which 
were taken less than twenty miles apart on a nearly straight beach, 
shows what a large difference in mineral composition may accompany 
a difference in texture. No. 22 from Cocoa Beach has a median grain 
size of 0.126 millimeter; whereas, No. 24 from Melbourne Beach has 
a median size of 0.315 millimeter. As has been recently shown by 
Rubey,?* sediments of widely different texture, in the same formation 
and derived from the same source, may show greater differences in 
mineral composition than sediments of similar texture from different 
formations. The writer can not agree with Rubey in his statement 
that the assumption of a homogeneous size-distribution of the heavy 
mineral grains at the source seems justifiable, but, rather, believes 
that differences in size-distribution of different minerals at the source 
may be as important as any of the other factors causing sands of 
different coarseness, derived from the same source, to have different 


W. W. Rubey: Ibid. 
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ORDINARY BEACH SANDS HEAVY CONCENTRATES 
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Ficune ectiengmbans of relative amounts of heavy minerals in ordinary beach sand 
and heavy concentrates 
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relative amounts of heavy minerals. Zircon, rutile, and ilmenite 
usually occur in igneous and metamorphic rocks, in grains which are 
small compared with those of staurolite, garnet, and kyanite. 

Since different minerals vary in resistance to abrasion during trans- 
portation, one might expect to find some relation between distance 
from source and relative amounts of different heavy minerals. The 
prevailing direction of motion of the sand along the entire length of 
the coast under consideration seems to be southward. South of the 
mouth of Altamaha River, near Brunswick, Georgia, no rivers except 
those entirely within the Coastal Plain enter the Atlantic, and prob- 
ably not much sand from these rivers actually reaches the sea. Pre- 
sumably, therefore, as one goes farther and farther south along the 
coast, he would find a progressive decrease in abundance of those 
minerals of metamorphic and igneous rocks which are less resistant 
to alteration and wear, and perhaps the complete disappearance of 
some of the softer ones. 

The actual mineral composition in tables 6 and 7 is far from 
showing a regular and uniform change to the southward. Varying 
local conditions, such as depth of water offshore and direction and 
strength of currents, cause much variation in texture and also in the 
mineral composition of the sand. If there were only slight differ- 
ences in texture, or if the sands were less well sorted, it might be 
possible to eliminate much of the disturbing local effects by sieving 
the sands and making a comparison of the composition of portions 
between certain size limits. The difficulty is that with such great 
differences in grain size and such good sorting as these beach sands 
show, grains of a size which is most abundant in one sample may 
hardly occur at all in others. , 

An irregular but very great decrease in abundance of hornblende 
southward may almost certainly be attributed to the relatively low 
resistance of hornblende to mechanical wear, and also to destruction 
by chemical means. Hypersthene is not very abundant at any of 
the localities sampled. It makes up 0.3 per cent of the heavy fraction 
of the sand near Charleston, but in most of the Florida samples it is 
difficult to find a single grain. Tourmaline increases in relative amount 
as hornblende decreases, which is in accordance with the well-known 
persistence of tourmaline as a detrital mineral. It owes this persis- 
tence to its hardness, lack of cleavage, comparatively low specific 
gravity, and great resistance to chemical alteration. To illustrate the 
distance to which tourmaline may be carried without becoming 
rounded, mention may be made of a basal section of a blue tourmaline 
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crystal, 0.25 millimeter across, showing prism faces, and a brown 
doubly terminated tourmaline, 0.17 by 0.30 millimenter, both from 
the sand of Miami Beach. These must have been carried about 400 
miles along the coast, plus about 200 miles by river, if they were trans- 
ported under physiographic conditions resembling those of the present 
day. 
ORIGIN OF THE SANDS 
SOURCE OF MATERIAL 


Several of the important heavy minerals of the sands, including 
epidote, staurolite, kyanite, sillimanite, and garnet, must have come 
mostly, if not entirely, from metamorphic rocks. Several of the rarer 
heavy minerals are probably metamorphic in origin. Other minerals, 
such as ilmenite, zircon, rutile, tourmaline, and hornblende, could have 
come originally from either igneous or metamorphic rocks. The nature 
of the assemblage of minerals is decidedly against any large proportion 
of the grains being derived from well-consolidated but unmetamor- 
phosed sedimentary rocks. This is shown by the absence of such 
varieties of quartz as flint, chert, and chalcedony, and the absence 
of quartz grains showing secondary enlargement; also, by the presence 
of a large variety of heavy minerals and the presence of some which 
are not extremely resistant to weathering and wear. 

With the exception of the collophane and shell, all the minerals 
found in the beach sands occur in the rocks of the Piedmont region, 
and most of them are common and widely distributed. The exact 
localities from which any of the minerals have come probably can 
not be determined. The Piedmont region is the only important origi- 
nal source which is consistent with the composition of the sands and 
with geologic and physiographic conditions. 

Much of the detrital material of the beach sands has not come di- 
rectly from its original source in the hard rocks of the Piedmont region, 
but for varying lengths of time has rested in some of the sedimentary 
formations of the Atlantic Coastal Plain. The same rivers which 
carry sand from the Piedmont region, cross the entire width of the 
Coastal Plain. Although these rivers have little fall in their lower 
courses, currents, caused by tides, help to carry some sand out through 
the inlets to the ocean. 

Along some portions of the coast a large part of the beach sand is 
derived from direct erosion of the land by wave action during storms. 
The principal material subject to erosion is sand of Pleistocene to 
Recent age. A large part of this is dune and beach deposits, of 
ultimate origin and composition similar to the coastal sands being 
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deposited at the present day. The reworking of this material tends 
to emphasize any differences in composition due to conditions of 
sorting. 

The Coastal Plain formations are the source of the collophane and 
much of the shell in the beach sands. The collophane is derived from 
the Hawthorn formation (Miocene) of northeastern Florida or from 
similar beds farther to the north. There is a possibility that this 
formation is being subjected to submarine erosion at a few places 
along the coast. Part of the shell comes from the coquina of the 
Pleistocene Anastasia formation, and part is from recently living or- 
ganisms. More detailed study of material derived from local sources 
might help to explain some of the variations in the heavy minerals. 


COASTAL TRANSPORTATION 

Several authors have recognized that the prevailing southward cur- 
rent along the east coast of the United States below North Carolina 
results in the southward transportation of sand. Much of the evidence 
for this is in the coastal topography rather than direct observation 
of the current. Gulliver** considers the overlap and offset of the 
offshore bars on opposite sides of inlets, and the deflection of river 
mouths, and comes to the conclusion that the dominant current is 
southward in North Carolina and Florida. 

Shaler says: 

Thus on the southern coast of the United States from Cape Hatteras to Cape 
Florida, particularly along the shore of the Florida peninsula, the sands are 
journeying to the south under the influence of the prevailing current, which sets 
in that direction on the landward side of the Gulf Stream. From Cape Canaveral 
toward the coral reef section of this shore, the coast current is so strong that 
the beach is much scoured away, and has a slope which is often fifteen degrees 
of declivity between the high and low tide mark. 


Robert M. Angas” reports that, according to his observations in 
northern Florida, the sand, during a storm, tends to travel from north 
to south. 

The topography of Cape Canaveral also indicates that the supply 
of sand essential to its outbuilding came mostly from the north. 

As to the mechanism of sand movement along the shore, by no means 
all of this movement is due to currents; beach drifting due to oblique 
impact of waves is important. At times this can not help but move 


17 F. P. Gulliver: Cuspate forelands, Geol. Soc. Am., Bull., vol. 7 (1896) p. 405-408. 


38.N. 8. Shaler: Sea and land (1894) p. 47. 
18 Robert M. Angas: Erosion and accretion on the coasts of North Florida and Georgia, Shore 


and Beach, vol. 1 (1933) p. 46-48. 
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some sand to the north, and in the vicinity of some of the inlets there 
may be reversals in the direction of the shore currents. 

The building out of the cuspate foreland of Cape Canaveral is prob- 
ably a factor in preventing the drifting of large quantities of sand 
south of that point. With little sand being added to the more south- 
ern beaches by coastal transportation, the waves would have a better 
opportunity of carrying away most of the finer grains and making 
the average grain size larger. The Pleistocene marine and dune sands 
on the west side of the coastal tidal marshes and lagoons are also much 
coarser from Melbourne southward than they are in northern Florida. 
To the south of West Palm Beach the extent and thickness of the 
Pleistocene sand deposits becomes much less. This suggests that con- 
ditions somewhat like those of the present day may have persisted 
for some time past. 


FINAL SORTING AND DEPOSITION 


If distance of transportation were the main factor influencing the 
texture of the beach sands, one might expect to find that the farther 
to the south he went, the finer and better sorted the beach sand would 
be, assuming, as seems to be true, that most of the sand has been 
transported from north to south. The shell increases the coarseness 
of the sands on the southern part of the Florida east coast, but the 
quartz grains also average much coarser there than in northern Florida. 
One can hardly assume that the coarser quartz grains, as well as the 
coarser grains of heavy minerals, are carried selectively farther than 
the finer ones. More probably, the relative amounts of grains of 
different sizes in the coastal sands (including those of the continental 
shelf and slope) do not change greatly from north to south. To test 
this it would be necessary to know the average texture of the deposits 
forming under water, as well as those of the beach. The steeper slope 
of the sea bottom has already been referred to as a possible expla- 
nation of the coarser texture of the sand in southern Florida. 

The United States Coast and Geodetic Survey charts on a scale of 
1/80,000 were examined for all of this coast from North Carolina 
southward, and many profiles were prepared to show the slope of 
the sea bottom outward from shore. Comparison of these profiles 
with the mechanical analyses and figures for the median sizes of the 
sands at the various localities shows that where the sea bottom slopes 
most steeply, between Jupiter and Miami, the sand is medium to 
coarse in texture; where the slope is gentle, as at Folly Beach and 
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Cocoa Beach, the sand is fine. However, the offshore profile can not 
be the only factor of importance in determining the coarseness of the 
sand, because the profiles at Melbourne Beach and Daytona Beach 
are very similar, but the sand at the former locality is nearly twice 
as coarse as at the latter. In some places, important details of sea 
bottom close to shore may be too small to be shown on the charts. 

With a narrow continental shelf like that for some miles north from 
Miami, possibly some fine sand is carried beyond the edge into deeper 
water. With a steep slope of the sea bottom near shore there is often 
a steeper slope of the beach itself. Under such conditions, as the 
waves break on the shore, fine particles of sand, and some which may 
not be very fine, are carried out from the beach and deposited in water 
so deep that the waves will not cast them up on shore again. Between 
Miami and Jupiter Inlet the Gulf Stream sets in close to the Florida 
shore, and while the current on the bottom may not be strong enough 
actually to erode sand, doubtless sand and finer material put in sus- 
pension by storm waves could be carried along by it. 

If local conditions are such that erosion is taking place on a par- 
ticular portion of the coast, one may expect the beach sand to be 
coarser than if the net result of the supply of sand and the agents 
taking it away is aggradation. This probably explains the much 
coarser texture of the beach sand at Eau Gallie and Melbourne Beach 
as compared with that at Cocoa Beach, a few miles to the north. On 
a coast which is subject to occasional severe storms, as this is, prob- 
ably large changes in the composition and texture of the beach sand 
at the same locality may take place in short periods of time. These 
changes may often be temporary rather than permanent. 

Thin streaks of dark heavy minerals are often the only indication 
of stratification easily seen in the more siliceous beach sands. The 
sands containing a large amount of shell fragments are most dis- 
tinctly stratified. Thin layers differ in coarseness and shell content, 
but there is seldom a thorough separation of the quartz and shell. 
If the shell is broken rather small it tends to be more evenly dis- 
tributed through the sand. 

The heavy concentrate sands, occurring, as they do, mostly on the 
highest part of the beach, can not be due to wave action during ordi- 
nary weather, but appear to be the result of wave action during 
storms, aided by removal of quartz grains by wind action at times 
when this part of the beach is dry. 
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COMPARISON WITH OTHER BEACH SANDS OF EASTERN 
NORTH AMERICA 
Reference to the composition of beach sands from some other parts 
of eastern North America will perhaps give a better idea of the sig- 
nificance of the observed mineral composition of the beach sands of 
the Atlantic Coast of the southeastern States. : 


TaBLe 8—Comparison of heavy mineral content of sands from northwestern 
Florida with those of the Atlantic Coast of the southeastern States 


Average, 10 fine 
Average, 12 medi- | sands from South 
Mineral Sample numbers* | um to coarse sands | Carolina, Georgia, 
4011 4020 4043 | from east coast of | and east coast of 
Florida Florida 


Per cent of each mineral in heavy fraction by number of grains 


Timenite.......... 32 25 22 32 26 
re 11 10 13 10 4.3 
ee 10 8 10 4.0 3.0 
Staurolite........ 11 15 14 10 4.2 
Sillimanite........ 2 2 1 6.2 6.7 
18 22 27 1.0 1.5 
Tourmaline....... 11 14 10 6.9 3.0 
Leucoxene........ 5 4 3 1.4 3.1 
Monazite......... 0.3} 0.2} 0.2 0.6 0.3 
Ratio potash- 
feldspar to quartz} less than .001 .0035 .0273 


* The localities are: 

4011—Beacon Beach, Bay County, Fla. 
4020—Two miles east of Phillips Inlet, Bay County, Fla. 
4043—Santa Rosa Island, directly south of Florosa, Fla. 

From the Gulf Coast of northwestern Florida the writer has col- 
lected 37 samples of beach and dune sands, which he has examined 
microscopically. Grain counts on the heavy fractions of three of 
these gave the results stated in Table 8. The medium to coarse sands 
from eastern Florida have more nearly the same texture as the sands 
from northwestern Florida. 

The only minerals seen in these three sands from northwestern 
Florida but not included in the table of grain counts were one grain 
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of garnet and three of green spinel. On the basis of the grain counts 
of these three samples and the qualitative examination of 34 others, 
the beach sands of northwestern Florida, along the Gulf of Mexico, 
have a smaller variety of minerals than those on any part of the east 
coast, even as far south as Miami. Hornblende, epidote, and garnet 
are absent from most samples, and rare in the rest. The rarer min- 
erals, chloritoid, zoisite, titanite, and hypersthene, were not observed 
in the beach sands of northwestern Florida. Of 37 slides, only ten 
contain any feldspar, and only three have more than one grain. Com- 
pared with the sands herein described in detail the beach sands along 
the Gulf Coast in northwestern Florida have apparently had a longer 
history as sands. The grains are more rounded than in any of the 
sands on the east coast. Not only is the mineral composition more 
simple, but some of the missing minerals are common ones, which 
surely must have been present at the primary source of the sand. 

At first sight, these differences are hardly what one might expect. 
Wave action on the Gulf Coast must be less severe than on the 
Atlantic, and the Gulf Coast is nearer to the inner edge of the Coastal 
Plain. Apparently, the present day beach sands have been derived 
almost entirely from wave erosion of Pleistocene sands, and these 
Pleistocene sands, in turn, came from the erosion of the Pliocene Citro- 
nelle sands. The permeability of the Citronelle allowed destruction 
of many of the detrital minerals by percolating ground water. Only 
the Appalachicola River at present carries drainage from igneous and 
metamorphic rocks. This, as well as other rivers of northwestern 
Florida, deposits sandy sediments in deltas at the heads of bays or 
estuaries, so that little is being contributed by these rivers to the 
deposits of the outer coast. Most of the beach sand consists of mate- 
rial which has gone through three cycles of weathering—erosion, trans- 
portation, and deposition. Very likely much of it has gone through 
four cycles. As already stated, the sands along the east coast of 
Florida are believed to have come rather directly from their original 
source in the Piedmont region, during Recent and Pleistocene time. 
This difference in derivation of the sand and in its composition is 
probably due, in large part, to the fact that eastern Florida has a 
shore line of emergence, whereas most of the Gulf Coast shows fea- 
tures strongly characteristic of a shore line of submergence. 

Still within the Coastal Plain, but having an origin considerably 
different from the sands of the southeastern States, are the beach 
sands of Long Island. An average of the grain counts made on the 
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heavy fractions of three beach sands from the south shore of Long 
Island (localities—Long Beach, West Hampton, Amagansett) is as 
follows: 


Per cent Per cent 
17 


The black opaque grains are, in large part, magnetite. In addition 
to the minerals for which percentages are given the following are 
present in small amount in one or more of these sands: chloritoid, 
zoisite, apatite, monoclinic pyroxene, chlorite, muscovite, biotite, limo- 
nite. No quantitative determinations of feldspar content were made, 
but this mineral seems moderately abundant in the light portions, 
when one considers that the sands are medium to coarse in texture 
and that feldspar tends to be in the fine sands more than in coarser 
ones. As compared with the beach sands of the southeastern States, 
and Florida, in particular, the beach sands of Long Island contain a 
greater amount of heavy minerals,”° a greater variety, and a larger 
proportion of those which are not very resistant to weathering or to 
the wear and tear of transportation by water. The Long Island sands 
are derived from glacial outwash and morainic deposits which contain 
material from igneous and metamorphic rocks, as well as some from 
older sediments. Most of the material had little or no opportunity 
for weathering at the source, and the distance of transportation by 
water has not been great. Thus the Long Island sands represent an 
earlier stage in development than those of the southern part of the 
Coastal Plain, which are far away from any direct effects of glacia- 
tion, and also farther away from the source rocks at the inner edge of 
the Coastal Plain. 

Beach sands from Labrador, described elsewhere,”* are in strong 
contrast to those of the Coastal Plain of the United States, even if 
the glacially derived sands of Long Island are included. The light 
portions of these Labrador sands are more than half feldspar, whereas 


2R. J. Colony: Source of the sands on the south shore of Long Island and the coast of 
New Jersey, Jour. Sed. Pet., vol. 2 (1932) p. 150-159. 

213, H. C. Martens: The mineral composition of some sands from Quebec, Labrador and 
Greenland, Field Mus. Nat. Hist., Publ. 260, Geol. Ser., vol. 5, no. 2 (1929). 
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the héavy portions are from one-half to five-sixths pyroxene and 
amphibole except where garnet, magnetite, and ilmenite have been 
concentrated by wave action. The Labrador sands are also more vari- 
able than those of the Coastal Plain, because the beaches in Labrador 
are discontinuous and of small extent, and the sources of sand are 
varied. The high content of easily weathered minerals is explained 
by direct derivation from igneous rocks and gneisses under arctic to 
subarctic climatic conditions. 

If the localities discussed are arranged in order of increasing amount 
of change which the beach sands have suffered since original deriva- 
tion of the sand grains from the source, the order is as follows: Labra- 
dor, Long Island, South Carolina, Georgia, east coast of Florida, Gulf 
Coast of northwestern Florida. 
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INTRODUCTION 


The late Paleozoic “redbeds” vertebrate fauna, best known from the 
deposits in the Wichita region of north central Texas, was considered 
by its discoverer, Cope, to be of Permian nature, and this belief is still 
held by many writers. Case, in 1908, announced the discovery of rep- 
tilian remains in red sediments of Pennsylvania age, and rightly con- 
cluded that the redbeds fauna was to be regarded as Permo-Carbonif- 
erous, pertaining to both systems. Nevertheless, the fauna is still treated 
generally as typically Permian, and, in particular, the Texas beds con- 
taining the major part of known finds have been universally assumed to 
be entirely of Permian age. 

It was early seen that some difference existed between the vertebrate 
assemblages in the lower and those in the upper portions of the Texas 
deposits included in the Wichita and Clear Fork groups. In 1928* the 
writer, following an investigation of the vertical distribution of verte- 
brate specimens collected up to that time, was able to differentiate the 
Wichita and the Clear Fork phases in the evolution of this fauna. Fur- 
ther collections and systematic revision based on them have led to 
further clarification and some rectification of the typical Wichita-Clear 
Fork succession; a revised summary of this is given below. 

Of particular interest, however, was the discovery during the course 
of this earlier study that some of the earliest finds of Texas vertebrates 
had been made in beds considerably below the better known horizons 
of the Wichita—beds which were at the time considered to pertain to the 
Cisco group, and hence to be of Pennsylvanian age. Exploration of these 


1A. 8. Romer: Vertebrate faunal horizons in the Texas Permo-Carboniferous red beds, Univ. 
Texas, Bull. 2801 (1928) p. 67-106. 
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older beds might yield interesting information regarding the earlier 
history of the Texas phase of the redbeds fauna. Such investigation was 
rendered possible during the spring of 1934 through a grant from the 
Penrose Bequest of the Geological Society of America. An account of 
the discoveries made in these beds is given herewith. The work has 
resulted in pushing the lower limit of Texas redbeds vertebrate finds to a 
considerably earlier horizon than had been previously reported. These 
findings, together with the fact that recent work in invertebrate paleon- 
tology and stratigraphy have put correlations of this general region of 
the American geologic column on a fairly firm basis, render it now 
possible to view the broader evolution of the redbeds fauna in a clearer 
light than heretofore. In the consideration of this faunal history it has 
been impossible to disregard the current topic of suggested revision of 
the Pennsylvanian-Permian boundary. These matters are discussed in 
concluding sections. 


THE TEXAS VERTEBRATE COLLECTING REGION 
TOPOGRAPHY 


Most of the remains of redbeds vertebrates have been obtained from 
Archer and Baylor counties, in north central Texas. A number of more 
scattered localities are in neighboring parts of adjacent counties— 
Willbarger, Wichita, Clay, Jack, Young, and Throckmorton. A few 
localities, still more remote, lie across the Red River in the southern 
edge of Oklahoma and in southern Haskell County; these areas are not 
included in the accompanying map (Fig.1). The region is for the most 
part a prairie country, rising gradually toward the west. Occasional 
low escarpments, caused by the presence of resistant sandstones with a 
general southwest-northeast trend, are present in the eastern part of the 
area; in the central Wichita area more prominent scarps are formed 
in the river valleys by the heavy limestones (Beaverburk, Lueders). 

The region is drained for the most part by the Big and Little Wichita 
rivers, tributaries of the Red River; the southern part of the area by 
the Salt Fork of the Brazos River and the West Fork of the Trinity. 
Little erosion is taking place in the valleys of the last two rivers; 
“breaks” are few and fossils rare. In north central Baylor County, 
apparently the Big Wichita River has only recently broken through 
the barrier caused by the resistant Lueders limestone. Erosion is active 
at the present time in the tributaries of the river west of this point, 
resulting in the formation of “breaks” from which have been obtained 
most of the vertebrates of the Clear Fork faunal stage. Southeast of 
this region, at the center of the eastern border of Baylor County and an 
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adjacent region in western Archer, a second area of active erosion lies 
in the upper part of the Little Wichita Valley. From this area have 
come most of the typical Wichita fossil vertebrates. 


FORMATION BOUNDARIES 


In this area are found exposures of a number of formations of the 
late Pennsylvanian and early Permian, pertaining to the Cisco, Wichita, 
and Clear Fork groups. The lines of outcrop in the greater part of the 
area have a general southwest-northeast trend; in general, there is a dip 
to the northwest of from 20 to 50 feet to the mile. Toward the east and 
north the line of strike tends to shift from northeast to east, in relation 
to the presence of the north-plunging Bend Arch. The formations con- 
cerned are almost entirely of marine type in regions farther to the south 
in central Texas, but at almost every horizon in the area under con- 
sideration occurs a change to the redbeds type of continental deposits 
characteristic of the late Pennsylvanian and Permian of the Oklahoma 
region. This change coincides roughly with the southern boundary of 
Archer and Baylor counties, although in eastern Baylor County the 
limestones of the uppermost Wichita and lowest Clear Fork are more 
persistent, some of them extending far to the north toward the Red 
River. 

The formation names used by Sellards? in the recent “Geology of 
Texas” seem now well established and will be used here. It will be 
noted, however, that these formations are based upon the marine series 
to the south. In the area here considered, traceable limestones are few, 
and, particularly in the lower Wichita, the exact position of many of 
the formation boundaries is still in doubt. A series of blueprint county 
maps, based mainly upon a compilation of data collected by the oil 
companies, has been published recently by the Texas Bureau of Eco- 
nomic Geology. These cover certain of the counties included in the 
region, but many areas in the counties mapped are incompletely known, 
and Archer and Clay counties are unmapped. In the “Geology of 
Texas” a number of seemingly significant horizons, mainly sandstones, 
are mapped in the Archer-Clay county area. Notes are given below as 
to the apparent position of the formation boundaries significant in 
vertebrate work. 


Harpersville-Pueblo. The Saddle Creek limestone at the top of the Harpersville 
has been traced northward to northeastern Young County. Beyond this it disap- 


2E. H. Sellards: The geology of Texas, vol. 1, Stratigraphy, Part 1, Pre-paleozoic and Paleo- 
zoic systems in Texas, Univ. Texas, Bull. 3232 (1933) p. 15-231. For references to earlier studies 
on the geology of this area see the above and A. S. Romer: op. cit. (1928) p. 69-76. 


3 
| 


1602 A. S. ROMER—EARLY HISTORY OF TEXAS REDBEDS VERTEBRATES 


pears. Sandstones slightly lower in the section can, however, be traced on to the 
northeast through Jack County, toward Bowie. 

Pueblo-Moran. This is unsatisfactorily known. The Camp Colorado limestone 
at the summit of the Pueblo disappears some miles southwest of Olney, Young 
County. In the general map of Texas accompanying the 1933 volume this horizon 
is continued by a dotted line passing through Olney, southeast of Anarene, south 
of Windthorst in Archer County, and thence eastward, in general crossing the 
heads of the southern tributaries of the Little Wichita River. All the evidence 
available substantiates this as being the approximate boundary, although the writer 
believes that more detailed investigation will tend to move the boundary slightly 
to the south, approximately to the divide between the Little Wichita and the West 
Fork of the Trinity. A series of sandstones outcropping along this divide in 
eastern Archer and southwestern Clay counties may well mark this horizon. 

Moran-Putnam. Here again, limestones disappear in northern Young County. 
A sandstone marked “C” on the map on page 142 of the “Geology of Texas” ap- 
pears to continue this horizon. Presumably, this represents the boundary between 
the Moran and the Putnam. It must be noted, however, that in the area north of 
Olney the exposures mapped are not the definitive southernmost outcrops of this 
sandstone, but are obviously the northern exposures of an outlier, the presumed 
Moran beds being exposed to the north of this in the headwaters of the South 
Fork of the Little Wichita. 

Putnam-Admiral. The Coleman Junction limestone at the summit of the 
Putnam disappears in southwestern Archer County. From that point, it seems 
generally agreed, it is continued by the sandstone marked “B” in the map previ- 
ously mentioned. This boundary marker runs along the west side of the valley 
of the South Fork of the Little Wichita nearly to its mouth, passes thence through 
Archer City to the west side of the Onion Creek valley and eastward, south of the 
Little Wichita, into Clay County. 

Admiral-Belle Plains. The Elm Creek limestone at the summit of the Admiral 
formation has now been traced to the valley of the Salt Fork in Baylor County, 
south of Westover. It has not been followed over the divide into the Little 
Wichita drainage, but it now seems certain, as believed earlier by the writer, that 
it is identical with the limestone found just to the north, on the east side of the 
upper part of the Godwin Creek valley (“six-inch” limestone of Case), and used 
as a line of division between zones 1 and 2 of the writer’s earlier paper. 

This limestone disappears under the alluvium in the lower part of the Godwin 
Creek valley and does not reappear on the north bank of the Little Wichita River, 
although somewhat calcareous materials appear at its expected position. It is, 
therefore, impossible to determine whether certain vertebrate localities north of 
the river, southeast of Dundee, pertain to the Admiral or to the Belle Plains; 
known remains here, however, are of forms found in both formations. 

Belle Plains-Clyde. It is now definitely known that the Beaverburk limestone 
of the redbeds area, used by the writer as a division between zones 2 and 3 of his 
earlier paper, is the same as the Bead Mountain limestone at the top of the Belle 
Plains. 

Clyde-Lueders-Arroyo. The Lueders limestone series, formerly included in the 
Clyde, and used by the writer as a boundary between zones 3 and 4 of his earlier 
paper, has now been raised to the status of a separate formation. It has been 
mapped continuously across the collecting area. 

Arroyo-Vale. This boundary is not yet demarcated in the redbeds region. 
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GROUP TERMINOLOGY 


The formations of the region are included in the Cisco, Wichita, and 
Clear Fork, terms originally introduced as formation names but now 
raised to group status. These terms are useful and necessary, but the 
mode in which they have been interpreted by successive workers has 
varied so greatly as to demand detailed explanation (Fig. 2). 

Cummins, by whom these beds were first studied,® stated that the 
succession in the northern redbeds area comprised the Cisco, Wichita, 
and Clear Fork, in ascending order; the first regarded as Carboniferous, 
the remaining two, Permian. In the same publication, Dumble,‘ work- 
ing farther south in a primarily marine area, described the Albany beds, 
of presumed Carboniferous age, lying between the Cisco and the Clear 
Fork. This term was adopted by Cummins, and in later publications 
these various units were described at considerable length. Cummins 
believed that the Albany beds represented the summit of the Carbonif- 
erous; that no equivalent existed in the northern part of the area, where 
he assumed the Wichita to lie unconformably on the Cisco; and that, on 
the contrary, the Wichita had no southern equivalent, the Clear Fork 
lying unconformably on the Albany. The proper boundaries between 
the formations were discussed in his various papers. As regards the 
Cisco-Wichita boundary, it will be seen from his map * and other data 
that he indicates it, in Archer County, to lie at the lowest horizon in 
which redbeds become prominent in this area—namely, at the Pueblo- 
Moran boundary. His Wichita-Clear Fork boundary is given with 
precision.® It is a limestone found on the south bank of the Big Wichita 
at the Baylor-Archer county line, given in his section No. 28. This 
description applies clearly to the Beaverburk limestone (—Bead Moun- 
tain), and it is thus obvious that he considered the Wichita-Clear Fork 
boundary to be that between the Belle Plains and the Clyde formations 
of current nomenclature. In addition, it will be noted that Cummins 
repeatedly states ’ that there are no limestones in the Wichita, and that 
the Clear Fork is composed, in great measure, of limestone in its lower 
portion. In connection with this it will be noted that along the Big 
Wichita River, Cummins’ type section of the Wichita, the Beaverburk 


2W. F. Cummins: The Permian of Texas and its overlying beds, Texas Geol. Surv., Ann. 
Rept. 1 (1890) p. 183-197. 

*E. T. Dumble: Report of the State Geologist for 1889, Texas Geol. Surv., Ann. Rept. 1 
(1889) p. Ixvii. 

SW. F. Cummins: Report on the geology of northwestern Texas, Texas Geol. Surv., Ann. Rept., 
vol. 2, 1890 (1891) map. 

6 Op. cit., p. xcix, 402-403. 

7W. F. Cummins: The Permian of Texas and its overlying beds, Texas Geol. Surv., Ann. 
Rept. 1 (1890) p. 187-188; Report on the geology of northwestern Texas, Texas Geol. Surv., Ann. 
Rept. 2 (1891) p. 361, pl. 6. 
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Ficure 2.—Stratigraphic units in the Teras redbeds region 
At the left are indicated the varied usages of the terms, Wichita and Clear Fork, by suc- 
system boundaries. Stippled areas at the right 
indicate roughly the vertical distribution of previously reported vertebrate remains. The arrow 
indicates the horizons investigated in the present study. 
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is the first limestone encountered in passing upward, beyond which the 
Clyde and the Lueders formations contain numerous limestones and 
obviously represent the lower part of the Clear Fork of Cummins. 

In the southern area, Drake, in his concurrent studies of the Colorado 
coal field, placed the Cisco-Albany boundary at the Coleman Junction 
limestone * and the Albany-Clear Fork boundary at the base of the 
Lueder’s limestone series (Talpa beds). These determinations agree 
well with the boundaries on Cummins’ map. 

Shortly after this, it was suspected, and finally proved, that the 
“Albany” beds were, in general, only the southern marine continuation 
of the Wichita deposits.° In consequence, the term, Albany, was 
dropped, and the sequence, Cisco-Wichita-Clear Fork, established. 

Although the Wichita and the Albany were partially equivalent, their 
boundaries were by no means the same, the base of the Wichita being 
two formations lower than that of the Albany and its summit one forma- 
tion lower. Although the name, Albany, was abandoned, it is the defini- 
tion of this term that has been generally utilized for the Wichita rather 
than that given by Cummins to the Wichita. This is in great measure 
due to the fact that most later work has been done in the marine part 
of the section rather than in the typical Wichita region, where red beds 
predominate and traceable horizons are few, and also, perhaps, to Cum- 
mins’ declaration *° that Albany and Wichita were identical (a state- 
ment which, from his own earlier writings, can be seen to be inexact). 

By most later writers the Coleman Junction limestone has been used 
as the line of demarcation of Cisco and Wichita. Plummer and Moore 
express some doubt as to the position of the Putnam formation next 
below this horizon, and Wrather *? includes the Putnam in the Wichita. 
Gordon, working in the redbeds area, indicated on his map the Cisco- 
Wichita boundary in Archer County at approximately the position 
given by Cummins, both workers presumably plotting on the basis of 
redbeds conditions found in beds higher than the Pueblo in the region."* 
Sellards has also placed the Cisco-Wichita boundary at the Pueblo- 


8N. F. Drake: Report on the Colorado coal field of Texas, Texas Geol. Surv., Ann. Rept. 4, 
pt. 1 (1893) p. 355-446. 

®°W. F. Cummins: Texas Permian, Texas Acad. Sci., Tr., vol. 2 (1897) p. 93-98. 

10 Ibid. 


1F, B. Plummer and R. C. Moore: Stratigraphy of the Pennsylvanian formati of north 
central Texas, Univ. Texas, Bull. 2132, 1921 (1922). 

122W. E. Wrather: Notes on the Texas Permian, Southwestern Assoc. Petrol. Geol., Bull., 
vol. 1 (1917) p. 93-106. 

18C, H. Gordon: The Wichita formation of northern Texas, Jour. Geol., vol. 19 (1911) p. 110- 
134; Geology and underground waters of the Wichita region, north-central Texas, U. 8. Geol. 
Surv., W. S. Pap. 317 (1913). 
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Moran contact, but for a different reason—the presence of Schwagerina 
in the Moran. Since this fusulinid is assumed (probably incorrectly) 
to be indicative of the Permian, the formation containing it has been 
assigned to the Wichita as a group of supposed Permian nature. 

The Wichita-Clear Fork boundary has also undergone numerous 
fluctuations at the hands of various writers. None has utilized the origi- 
nally defined boundary. The Clyde formation has been universally 
added to the Wichita; many workers have placed the boundary at the 
top of the Lueders limestone escarpment rather than the bottom, and 
this usage has been followed in Sellards’ recent account. Wrather and 
Beede ** have encroached still further on the Clear Fork by adding the 
Arroyo formation to the Wichita, and Gordon’s maps indicate that he 
also believed that the boundary lies at a similar horizon. 

The writer strongly believes that the boundaries originally assigned 
to the Wichita by Cummins are the most suitable and useful, and the 
term is used in this paper in its original sense, including in it the Moran, 
Putnam, Admiral, and Belle Plains formations. The original lower 
boundary is now in current use and, at least locally in the redbeds area, 
is geologically appropriate, since it marks the lowest horizon of typical 
redbeds deposition. 

The resumption of the original upper boundary is of a more novel 
nature, but is believed to be fully justified. There is no strong ground 
for dissent on the basis of lithology. The formations in question— 
Clyde and Lueders—are mainly marine in nature, whereas the typical 
Wichita and Clear Fork deposits are continental. It is just as reason- 
able to assign them to one group as to the other. No invertebrate evi- 
dence, arguing strongly for the assignment of these formations to the 
Wichita, is known. On the other hand, the Beaverburk, the Belle 
Plains-Clyde boundary, marks a seemingly sharp faunal change in the 
vertebrates, and, as will be shown later, this horizon is probably of con- 
siderable significance in intercontinental correlation and appears to be 
close to the European Carboniferous-Permian boundary line. 

Case reached the same conclusion on the basis both of lithology and 
of the vertebrate evidence, and stated that “the limestone . . . called 
Beaverburk by Udden, marks so definite a change in condition that it 
should be considered as the first member of a separate formation” [i.e., 
group, of present usage].’® 


%4J, W. Beede and V. V. Waite: The geology of Runnels County, Univ. Texas, Bull. 1816 
(1918) 64 pages, map. 

15 E. C. Case: The Permo-Carboniferous red beds of North America and their vertebrate fauna, 
Carnegie Inst. Washington, Publ. 207 (1915) p. 12, 28. 
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TEXAS REDBEDS VERTEBRATES 
FISHES 


Below, the vertebrates encountered in the study of the faunal suc- 
cession are enumerated and briefly characterized. Most of these forms 
have been described in various papers by Cope, Case, and Williston. 
Summaries with brief descriptions of most of these forms have been 
published by Case *® and Williston.17 Certain changes in taxonomy 
and systematic position have seemed necessary because of more recent 


discoveries. 
Although primary attention is directed to the tetrapods, remains of 
fishes will be occasionally noted, and a few of the common forms are 


here listed. 


Ctenacanthus. A genus of primitive sharks characteristic of the Mississippian 
and Pennsylvanian, known mainly from ornamented spines. Rare here; not asso- 
ciated with tetrapods as are the other forms mentioned. 

Sagenodus. A Carboniferous lungfish type; the known remains consist mainly 
of tooth plates. Common at certain horizons. 

Megalichthys. The last in time of typical crossopterygians, widespread in the 
upper Carboniferous. Not rare at certain horizons. 

Didymodus. Pleuracanth sharks are common in most horizons; teeth are fre- 
quent, and spines and cranial skeletal material are not uncommon. They are 
sometimes referred to under the generic terms, Diplodus and Dittodus, as well as 
the above. 

AMPHIBIANS 

Diplocaulus. A lepospondylous amphibian with a large flat “horned” skull. 
Well known. Very common at certain horizons. 

Platyops. A small form apparently related to the last. Skull only. Rare. 

Tersomius A small form apparently closely related to the typical branchiosaurs 
of the European Permian. Skull only. Rare. 

Isodectes. A small form, based on a skull. Usually classed with Cotylosaurs, 
but appears to be an amphibian. Position uncertain. Rare. 

Cricotus. This name is applied to vertebral and other elements pertaining to 
embolomerous amphibians in these beds. It is not improbable that more than one 
genus of this group is present, but present knowledge of these forms is inadequate. 
Common in certain horizons. 

Eryops. The largest of Texas amphibians; a member of the rhachitomous group. 
Its anatomy well known. Probably several species and possibly more than one 
genus here represented. Rhachitomus and Epicordylus, synonymous or closely 
related genera. Common. 

Pariorys. A rhachitomous amphibian of modest size. Not well known. Not 
common. 

Anisodezis. Apparently an amphibian with a pelycosaur-like development of 
“canine” teeth. Known only from skull fragments. Rare. 


17§. W. Williston: Synopsis of the American Permo-Carboniferous tetrapoda, Walker Mus., 
Contr. 1 (1916) p. 165-192; Osteology of the reptilia, Harvard Univ. Press (1925) p. 215-220, 
228-236, 259-260. 
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Acheloma. A rather small rhachitomous amphibian; its anatomy fairly well 
known. Probably several species. Trematops apparently a synonym. Not common. 

Trimerorhachis. A small, flat-skulled water-dweller, rather adequately known 
and common at many levels. Probably several species are present, and possibly 
more than one genus. 

Cacops, Dissorhophus, Broiliellus, Aspidosaurus, Alegeinosaurus: Rhachitomous 
amphibians of modest size with well-developed limbs, and characterized especially 
by a row of armor plates down the back. Comparatively rare. 

Zatrachys. A poorly known form of moderate size, with a flattened skull bearing 
a number of projecting “horns.” Certain Aspidosaurus remains have been con- 
fused with this genus. Rather rare. 

Edops. Under this name is described elsewhere a previously unknown rhachi- 
tomous amphibian found in the lower horizons. The remains are all fragmentary, 
but show that the animal was of large size, with a “swollen” muzzle, and enormous 
labyrinthine teeth. 

Lysorophus. A small, worm-like amphibian, common et some horizons. 

Pariotichus, Cardiocephalus, Gymnarthrus, Goniocera (Goniocephalus). Small 
amphibians known almost entirely from skulls, and probably related to the last 
mentioned genus. The first of these forms has usually been regarded as a reptile. 


Rare. 
REPTILES 


Cotylosaurs 

Seymouria. A very primitive form, of modest size, thought by many to be an 
amphibian. Conodectes and Desmospondylus are synonymous. 

Diadectes. Largest of cotylosaurs; the anatomy well-known. A heavily built 
form with a highly specialized “molar” dentition. Probably a number of species 
and perhaps several genera are grouped here. Empedocles, Bolbodon, and Chilonyz 
are synonyms or represent closely related forms. Common. 

Helodectes. A rather small cotylosaur, imperfectly known. Diadectoides is 
perhaps a synonym. Rare. 

Captorhinus. A small, lightly built cotylosaur, structurally very advanced; its 
anatomy well known. Not uncommon in certain horizons. Hypopnous is appar- 
ently a synonym. Many specimens of this and the following genus have often 
been incorrectly assigned to Pariotichus. 

Labidosaurus. A considerably larger relative of the last, also well known. Not 
uncommon in certain horizons. 

Ectocynodon. Closely related to Captorhinus. Poorly known. Rare. 

Pantylus. A fairly small form with a heart-shaped skull and a well-developed 
set of tooth-plates in the interior of the mouth. Not well known. Rather rare. 

Ostodolepis. A small form with many peculiar structural features, including a 
prominent, long “snout.” Rare. 


Pelycosaurs 

Ophiacodon. A large but primitive pelycosaur, with short spines and little dif- 
ferentiation in the dentition. Well known anatomically. The Texas members of 
the genus have usually been known under the generic names, Theropleura, 
Diopaeus, and Therosaurus. Common at certain horizons. 

Poliosaurus. A small form closely related to the last and possibly not generically 
distinct. Not common. 
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Varanosaurus. A small primitive type, of which a peculiar swelling of the maxilla 
above the “canines” is the only striking specialization. Poecilospondylus a 
synonym. Not common. 

Mycterosaurus. A small form, apparently quite primitive but poorly known. 
Eumatthevia apparently a synonym. Rare. 

Glaucosaurus. A small animal with large eyes and short snout. Skull only 
known. Rare. 

Tetraceratops. Peculiar horn-like structures developed over the snout; small. 
Skull only known. Rare. 

Varanops. A small form, with many primitive features but apparently antecedent 
to Dimetrodon. Originally believed close to Varanosaurus but probably only 
distantly related. Apparently not uncommon at certain horizons. 

Dimetrodon. One of the most widely known Texas animals; a long-spined type, 
with a highly differentiated carnivorous dentition. A common form. The general 
anatomy well known. A number of species, which vary considerably in size and 
anatomical details; their nomenclature is imperfectly worked out. Specimens 
from Texas previously referred to Clepsydrops (the type from Illinois) probably 
are referable to this genus. Bathyglyptus is probably a synonym. It is highly 
probable that many of the fragmentary remains of Dimetrodon-like animals from 
Texas pertain to undescribed related forms. Sphenacodon of the New Mexico 
“Permian,” for example, resembles Dimetrodon in almost every particular but lacks 
entirely the long spines; it is not impossible that this genus might have been pres- 
ent in low horizons in Texas. 

Below are noted two further types of animal, differing from Dimetrodon in 
various respects, but all so closely resembling that genus in other regards that it 
is impossible to distinguish between them on the basis of most isolated skeletal 
elements. Unless the presence of typical spines and dentition indicates the pres- 
ence of the true Dimetrodon, the writer will, in the following discussion of faunas 
and localities, refer to “dimetrodont” remains rather than make an unwarranted 
reference to Dimetrodon. 

Ctenospondylus. Elsewhere, this term is used for a find of elongate but flattened 
vertebral spines, which have been, probably incorrectly, assigned to the Triassic 
genus Ctenosaurus. The basal portions of these vertebrae are very similar in 
structure to those of Dimetrodon, and the animal may well have resembled that 
form in most respects. 

Secodontosaurus. The writer is elsewhere establishing this generic term for two 
incompletely known forms with a dental equipment of dimetrodont type, but 
poorly developed “canines.” Some other skeletal material of dimetrodont nature 
can be associated, but the presence or absence of long spines is uncertain. Appar- 
ently rather rare. 

Luperosaurus. This genus is being erected elsewhere for the reception of 
specimens such as the neotype of “Dimetrodon” gigas (the form usually known as 
D. gigas is a true Dimetrodon, but the specific name is incorrectly applied). What 
remains can be associated with this form indicate an animal of fairly large size, 
with known features of the appendicular skeleton rather like Dimetrodon but of 
a somewhat more primitive nature. Whether elongate spines were present or not 
is unknown, and there is no definite association of skull or dentition. With fuller 
knowledge it may prove that this form was not uncommon in certain horizons. 

Edaphosaurus. The most bizarre of Texas reptiles; a non-carnivorous type with 
a battery of pebble-like crushing teeth and with long dorsal spines bearing cross 
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bars. There are apparently a number of species, small and large. The larger 
forms are usually termed Naosaurus; pending restudy Edaphosaurus will here be 
used to cover all specimens. Fairly common. 

Casea. A form of modest size, with a number of structural features like those 
of Edaphosaurus, but spines short. Rare. 

Trichosaurus. The skull is unknown. The post-cranial skeleton fairly similar 
to the last. Rare. 
Of Uncertain Position 

Archeria. Described only from a small humerus which resembles that of the 
amphibian Cricotus but has an entepicondylar foramen normally found only in 
reptiles. Rare. 

Tomicosaurus. Known only from a tiny jaw. Rare. 

Metamosaurus. Based on a single reptilian vertebra; perhaps indeterminate. 

Embolophorus. Described from a single specimen; two small reptilian vertebrae. 

Bolosaurus. A small reptile with bulbous teeth bearing an eccentric cusp. Little 
known except the skull. Not common. 

Araeoscelis. A small lightly built form; most of the skeleton known. Perhaps 
related to sauropterygians or possibly to lizards. Rare. 

Ophiodetrus. Closely related to the last. Rare. 


UPPER WICHITA AND CLEAR FORK SUCCESSION 
NEW DATA 


Since the time of the writer’s 1928 account of the faunal sequence in 
the Texas horizons from which vertebrates had been previously col- 
lected, much new material has come to hand, in the main the result of 
collecting trips made for the University of Chicago in 1928, 1932, and 
1933, and for Harvard University in 1934. The study of these new finds 
has in some cases resulted in new interpretations of old material, and in 
others has shown the presence of certain forms in horizons from which 
they were previously unknown. This results in some modification of 
the interpretation of the vertebrate sequence, although not changing 
the major conclusions to be drawn from it. In 1928 the region was 
unmapped, and the material was arranged by faunal zones which could 
not be definitely tied to named formations, although tentative correla- 
tions were offered. Today, although much remains to be done geologi- 
cally in this area, these zones can be interpreted in terms of recognized 
geologic units. Under the circumstances a revised summary of this 
faunal sequence seems appropriate. 

Since few fossils were earlier available from the lower part of the 
Admiral and the Putnam, the present section will include only the better 
known collecting horizons, treated in ascending order. 


UPPER ADMIRAL 


Zone 1 (upper part) of the previous study. The major collections are 
from the east side of Godwin Creek and from Briar Creek, tributaries 
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of the Little Wichita. As noted in an earlier section, the upper boundary 
of the Admiral has not been traced north of the Little Wichita. It is 
probable that a few localities south and east of Black Flat and north of 
the river are to be placed in this formation; this area includes the Lyle 
locality of Case, previously placed by error in the Belle Plains. While 
it is still regarded as probable that the important Cope type material 
from the Mt. Barry region is from the Admiral, the eastward trend of 
lower formation boundaries renders it possible that the Elm Creek hori- 
zon, could it be traced, would be found to lie to the south of this area. 

Most of the sediments of this horizon in the collecting region are of 
continental type; only at the summit of the formation does one find 
marine beds, a fossiliferous limestone with adjacent barren variegated 
sandy clays. In this limestone have been found, on several occasions, 
spines of the Carboniferous shark Ctenacanthus, not reported, as far 
as the writer is aware, from Permian localities. This occurrence offers 
some corroboration of the conclusion, reached below on other grounds, 
that the Wichita is Pennsylvanian rather than Permian in age. 

Freshwater fishes are not common in this zone, although Mega- 
lichthys, Sagenodus, and pleuracanth teeth are found. Of amphibians, 
Cricotus and Eryops are common finds; Trimerorhachis is present in 
moderate numbers. Other forms are rare, and represented by only one 
or two specimens. These include Diplocaulus, Aspidosaurus, Parioxys, 
Zatrachys, and presumably Pariotichus. The last four are rare or un- 
known in other horizons. Diplocaulus, however, is known much earlier 
and is abundant above, in the Clear Fork. Its rarity in the Wichita 
must be due to some unknown environmental factor. 

Of cotylosaurs, Diadectes remains are fairly common, but the group 
is otherwise unknown in this horizon. Of problematical reptiles, Bolo- 
saurus is not infrequent, and Ophiodeirus is present. The known finds 
of the peculiar Archeria are confined to this horizon; Tomicosaurus, 
Metamosaurus, and Embolophorus are ill-known forms, probably from 
the Admiral, but possibly from the Belle Plains (from Mount Barry). 

Among pelycosaurs, the dimetrodonts are common. There are un- 
questionably several species of various sizes belonging to Dimetrodon 
proper. In addition, there are dimetrodont remains which may pertain 
to other, more poorly known, related genera; the Secondontosaurus type 
is certainly present, probably Luperosaurus, and possibly others. 

Ophiacodon is also a common pelycosaur, and the smaller related 
Poliosaurus is present but rare. Edaphosaurus specimens of small size 


are not uncommon. 
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BELLE PLAINS 


Zone 2 of previous work. Numerous collections have been made from 
the Little Wichita Valley below Fulda, Baylor County, and the terri- 
tory both north and south of Dundee, Archer County. Except for the 
Beaverburk limestone at the top of the formation, marine horizons do 
not occur in the collecting area, and vertebrates and plants (including 
the well-known Gigantopteris localities) occur close to the Beaverburk. 
The sediments give evidence of unsettled conditions; conglomerate 
layers are frequent; and there are many localized “pockets” containing 
numerous isolated bones, a condition suggestive of back eddies in rapid 
stream channels. 

Among fresh-water fishes, Megalichthys, Sagenodus, and pleuracanth 
“sharks” are common, particularly the last. 

Trimerorhachis is the common amphibian, literally thousands of 
bones of this form being present in the various pockets. Eryops, too, 
is exceedingly common. In contrast to all other adequately known 
formations, the amphibians here strongly outnumber the reptiles. 
Cricotus, previously unreported, has been found recently in two locali- 
ties, but is rare. Other new finds from this horizon include skeletons 
of Pariorys, Diplocaulus, represented by several small skulls, and 
Trematops, known hitherto only from the Clear Fork, but represented 
now from this formation by several skulls and skeletons. Aspidosaurus 
and Zatrachys are (again) rare; a specimen of the rare Gymnarthrus 
and one of the unique Tersomius skull are present. 

Diadectes accounts for almost all the cotylosaur remains; this large 
form was quite common. Specimens of Helodectes and Ectocynodon 
are now known from this formation; the types, whose horizon has been 
somewhat uncertain, may well be from the Belle Plains. A femur sug- 
gestive of the primitive Seymouria has been found here. Ophiodeirus 
may be represented by one fragmentary specimen. 

Pelycosaurs are much less common than in the Admiral, and con- 
stitute but a small proportion of the known population. The genera 
of the Admiral are all present, and in much the same relative propor- 
tions. Remains of the less-known types of dimetrodonts are not un- 
common, and include definitely Secodontosaurus, Luperosaurus, and 
the only surely known remains of Ctenospondylus. 

The faunal assemblages of the Belle Plains and Admiral formations 
are essentially similar; except for a few rare forms, all types known 
are common to both formations; the differences lie mainly in the rela- 
tive abundance of the various genera, differences related presumably 
to environmental changes in the particular region whence the fossil] 
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remains come. These horizons, taken together, constitute the typical 
Wichita stage in the redbeds fauna. 
CLYDE 


Zone 3 of the writer’s earlier account. With the deposition of the 
Beaverburk at the end of Belle Plains time, this region seems to have 
entered a period when it lay in great measure below sea level; marine 
limestones are present at several horizons in the Clyde formation in the 
Big Wichita Valley, and barren clays, presumably of marine origin, 
predominate. In consequence, redbeds and land vertebrates are rare. 
Farther to the north, close to the Red River, more typical redbeds are 
present, and exploration of exposures south of Electra (called by 
Udden,"* rather inappropriately, the Bluff “bone bed”) has shown the 
presence of a rather normal redbeds fauna. 

Fresh-water fishes are known only from pleuracanth teeth. Eryops, 
Trimerorhachis, and Diplocaulus are, as usual, present among the 
amphibia, and the armored form Broiliellus is present. Diadectes is 
present. Among the pelycosaurs, the dimetrodonts are comparatively 
poorly represented, Edaphosaurus remains being more common. Myc- 
terosaurus and Glaucosaurus are rare pelycosaur types whose discovery 
in this particular formation may not be significant. 

But while there are a number of genera common to the Clyde and 
the formations which carry the typical Wichita fauna, the contrast is 
in many respects extremely marked. 

A number of common Wichita types are unreported in the Clyde or 
higher, and presumably become extinct. These forms include, among 
fish, the lungfish, Sagenodus, and the last of typical crossopterygians, 
Megalichthys, both long-ranging Carboniferous genera. Among am- 
phibians, Cricotus, representing the characteristic embolomerous laby- 
rinthodont group of the Pennsylvanian, was common in the Wichita 
fauna, but no trace of it is found in the Clyde or above. Among pelyco- 
saurs the primitive Ophiacodon was a common Wichita form; one 
specimen is known from the lower Clyde, but this is its last known 
appearance. 

Equally striking are the new animals at this time among the cotylo- 
saurs: Captorhinus, Labidosaurus, and Pantylus are advanced members 
of this group quite unknown in the Wichita fauna, but comparatively 
common here (and the first two in higher formations as well). 

It is obvious that the horizon of the Beaverburk marks an important 
turning point in the history of the Paleozoic vertebrates in this region. 


18 J, A. Udden: A reconnaissance report on the geology of the oil and gas fields of Wichita and 
Clay counties, Texas, Univ. Texas, Bull. 246 (1912) p. 36-41. 
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ARROYO 


Zone 4 of the earlier report. The Lueders formation, a prominent 
limestone series lying above the Clyde, will not be considered separately. 
Few vertebrates are to be expected here; a Trimerorhachis skull is the 
only specimen definitely known to the writer to have been derived from 
this formation. 

The time following the deposition of the Lueders was one of a return 
to terrestrial conditions; shortly above this series of limestones one 
finds, in the Big Wichita Valley, a return to the redbeds conditions 
which lasted without serious break to the termination of Permian 
deposition in this area. In the lower part of this renewed series of red- 
bed deposits, in the area surrounding the present Kemp Lake, have been 
found numerous remains of the typical Clear Fork fauna, whose arrival 
was heralded in the Clyde formation. 

Although one speaks of “redbeds” vertebrates, the Wichita fossils are, 
in fact, more common in light colored clays of blue and yellow shades 
than in actual red beds. In the Arroyo formation, on the contrary, the 
beds, both fossiliferous and barren, are predominantly red clays, mostly 
of a comparatively light shade. 

Many of the older forms, of course, survive. These include, among 
common forms, pleuracanth sharks, Eryops, Trimerorhachis, and Diplo- 
caulus of the amphibians (the last rare, elsewhere, abundant in this 
horizon), the cotylosaur Diadectes, and Dimetrodon and Edaphosaurus 
among the pelycosaurs. Both pelycosaurs are represented by species of 
much greater size than the typical Wichita forms, and the same tend- 
ency for larger size seems to be present in other forms, such as Dia- 
dectes. A few of the rarer genera, which were found in the typical 
Wichita beds but are as yet unreported in the rather inadequate Clyde 
material, reappear here, including the amphibians, Aspidosaurus, 
Zatrachys, Trematops, and Gymnarthrus; the cotylosaurs, Helodectes 
and Seymouria (here fairly common and doubtfully represented in the 
Wichita) ; and the rare dimetrodont, Secodontosaurus. Araeoscelis, a 
small creature restricted to this zone, is close to Ophiodeirus of the 
Wichita. 

The new cotylosaur types of the Clyde—Pantylus, Captorhinus, and 
Labidosaurus—survive, and the last two are characteristic and common 
in this horizon. 

A characteristic feature of the Clear Fork fauna is the variety of 
types of armored rhachitomous amphibians of the dissorhophid group. 
In the Wichita there are only a few isolated expanded neural spines of 
uncertain reference. Broiliellus, a characteristic member of the present 
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group, appears in the Clyde, and is reinforced in the Arroyo by Cacops, 
Dissorhophus, and Alegeinosaurus. 

In addition the Clear Fork contains a considerable number of types 
not recorded in any lower formation. Among these are the amphibians, 
Platyops, Cardiocephalus, Goniocera,® Isodectes, Anisodexis, and 
Lysorophus, and the pelycosaurs, Tetraceratops, Varanosaurus, Vara- 
nops, Casea, and Trichasaurus. Many of these are rare types, which 
may well have been present at earlier horizons. The case of Lysorophus 
is interesting. This little worm-like form is, in some Clear Fork locali- 
ties, exceedingly abundant. It is quite unknown in the Wichita, and 
one might assume it to be a newly created type. However, the genus 
is known in Illinois at a far earlier horizon. Its absence from the 
Wichita can only be explained by barriers to migration or, more reason- 
ably, as due to the unknown environmental factors which cause a some- 
what less perfect parallel in the distribution of Diplocaulus. 

The seemingly significant absence of certain typical Wichita forms 
in the Clyde has already been noted. Absence there might possibly be 
attributed to the insufficiency of the record of specimens. None of these 
forms, however, reappears in the abundant Arroyo material, and it is 
reasonable to assume that they had become extinct. 

At a level 300 feet or so above the Lueders, presumably at about 
the summit of the Arroyo formation, the deposits change to a deeper, 
brick-red shade, with a more shaly nature. At this point, fossils cease, 
and, except for some finds of footprints in other areas, the known 
history of Paleozoic vertebrates in America is closed. 


LOWER WICHITA AND CISCO FINDS 
SCOPE OF INVESTIGATION 


The object of exploration during the 1934 field season, conducted 
by the writer and L. I. Price, was to attempt to trace the vertebrates 
of the Texas area down to lower horizons than those in which they had 
been previously known, and, by the collection of identifiable material, 
to discover whether the Wichita fauna continued downward unchanged, 
or whether at some horizon there occurred any marked transition from 
a more primitive faunal assemblage. 

As noted above, a few early finds had been made from localities ap- 
parently situated in the lower Admiral and Putnam formations (notes 
on these specimens are here included), both Case and the writer had 


19 Goniocera (Goniocephalus) willistoni and Acheloma? casei, described by F. Broili in 1913 
[Neues Jahrb. fiir Min., Geol. u. Pal., bd. 1 (1913) p. 96-100], the first from the Craddock ranch, 
the second from Coffee Creek, were unfortunately omitted from the list of Texas type localities 
given in 1928. 
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seen scraps in localities presumably in the Putnam, and redbeds were 
known to occur still farther to the east and south. However, it was 
seen in advance that finds would presumably be few and poor. The 
abandonment of this terrain by the early workers seemed significant. 
Southeastern Archer County and the adjacent region, which seemed to 
offer the greatest possibilities for this work, is, in general, a prairie area 
where low relief and higher rainfall than in the regions to the west 
militate against the development of extensive “breaks.” At best, iden- 
tifiable fragments were to be hoped for. 

It must be emphasized that identifications based on fragmentary ma- 
terial are necessarily provisional. Even in the well-known Wichita and 
Clear Fork horizons, specific identification is at present impossible, 
although current studies offer some hope of a partial solution of this 
problem. Further, even generic identifications are open to some doubt. 
As noted above, the Dimetrodon group appears to include several genera 
differing in development of spines and dentition but similar in other 
regards, and similar situations may exist in other groups. In the case 
of finds from hitherto unknown horizons, where some evolutionary 
change may reasonably be expected, mistakes of this sort are particu- 
larly liable to occur. 

Of the several dozen tetrapod genera found in the Upper Wichita and 
Clear Fork faunas, the majority are represented by only a few speci- 
mens, despite the fact that many years’ work has been devoted to these 
beds. It is not to be expected that many of these rarer types would be 
encountered in the course of a single season’s work in these compara- 
tively unfossiliferous lower beds, and reliance must be mainly placed 
on common genera. These include, in the Upper Wichita, Cricotus, 
Eryops, and Trimerorhachis among the amphibia, the cotylosaur Dia- 
dectes, and of pelycosaurs Edaphosaurus, Ophiacodon, and Dimetrodon 
and its allies. 

All information available indicated that the lower part of the Cisco 
and the underlying Canyon group were marine over the whole known 
area of their exposures. The hope was to trace the vertebrate fauna 
down to the base of the Wichita (in the current usage of that term) and 
as far as possible into the upper part of the Cisco. The greater part of 
the work was done in southern and eastern Archer County and the 
adjacent portions of Young, Jack, and Clay counties. Some exploratory 
trips were made as far east as the Bowie region, but the intervening 
country was one of few exposures. 

In general, the procedure was, beginning with the lowermost Admiral, 
to work intensively one or more areas in a formation until a seemingly 
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representative suite of identifiable material had been gathered and then 
to proceed to the next lower formation. The localities from which fossils 


were collected are indicated in Figure 1. 
A discussion, in descending order, of the formations concerned, seems 


appropriate. 
LOWER ADMIRAL 


The lower part of the Admiral formation was explored in various 
areas in the valley of the Little Wichita in Archer and western Clay 
counties, and to a lesser extent in eastern Clay and northwestern Mon- 
tague counties. In all the areas studied the beds were shales and sand- 
stones of typical redbeds type; marine conditions do not persist far 
north of the southern edge of Archer County. 


Locality 1. Archer County. A particularly favorable area for vertebrate finds 
was that on the north side of the Little Wichita and somewhat west of the “Forks,” 
south of Geraldine school, in section 98, American Tribune New Colony Subdivi- 
sion, and adjacent sections. Remains from here were, for the most part, frag- 
mentary but fairly numerous. A small Edaphosaurus, Cricotus, Eryops, Diadectes, 
and Dimetrodon were common finds; Trimerorhachis is recorded in field notes, 
but this material has not been preserved. 

In 1878-1880, Boll collected a considerable amount of material from the north 
side of the North Fork of the Little Wichita, from the “Three Forks” westward ; 
some of the specimens are entered as from “Shell Point,” a locality not at 
present identifiable. This general area seems to have been essentially that 
mentioned above. Boll’s material includes the amphibians Eryops, Pariotichus 
brachyops (type), Cricotus, and Zatrachys, and the reptiles Diadectes, Dimetro- 
don, Luperosaurus, Edaphosaurus, and Ophiacodon, as well as Megalichthys and 
pleuracanth teeth. 

In the 80’, Cummins collected a number of specimens for Cope, now in the 
American Museum of Natural History, labelled as coming from Long Creek 
or the Little Wichita near that creek. The only creek known to natives of 
Archer County by that name rises east of Geraldine and joins Bluff Creek, a 
northern tributary of the Little Wichita, northeast of Archer City. In his 1928 
account, the writer assumed that the locality lay near the mouth of this creek. 
A visit to this area fails, however, to show any adequate exposures either here 
or higher up the creek. In 1908, Cummins™ located this creek as on the north 
side of the Little Wichita, a little west of the copper mines. This is the area 
of the present locality. There is no creek here; but it will be noted that it is 
only a short distance south of the head of Long Creek, and quite possibly, in 
default of better landmarks, Cummins used the fact to designate this same 
locality. In 1928, “Long Creek” was listed as below the Coleman Junction 
(Zone 0 = Putnam). However, it is now known that the Coleman Junction 
horizon lies lower, and this locality is, in any event, certainly in the Admiral 
formation rather than the Putnam. Cummins’ material includes Eryops, Cricotus, 
Diadectes, Dimetrodon, Ophiacodon, and Edaphosaurus. 


2% W. F. Cummins: The localities and horizons of Permian vertebrate fossils in Texas, Jour. 
Geol., vol. 16 (1908) p. 740. 
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In 1906, Case collected a few specimens from “South of Holliday.” The present 
set of exposures lies close to the main road running south from Holliday and are 
the only exposures, with which the writer is familiar, to which this description could 
apply. His material includes Ophiacodon, Dimetrodon, Diadectes, and Eryops. 

Locality 2. Archer County, four and a half miles northwest of Archer City, on 
the south side of a ridge between north and middle forks of the little Wichita 
River, southern half of R. Hackett D. L. and C. County abstracts 446 and 175. 
A “pocket” with numerous coprolites and bone fragments. Sagenodus and Pleura- 
canth teeth and a few remains of Megalichthys constitute the fish fauna. Of 
amphibians there are numerous Eryops fragments, Cricotus centra, several Dia- 
dectes vertebrae, pieces of spine of a small Edaphosaurus, and fragmentary bones 
of dimetrodonts, mainly of small size. The head of a large ulna may perhaps 
pertain to Luperosaurus. 

Locality 3. Clay County, northwest of Blue Grove, in section 65, Grayson 
County school land. Finds include the greater part of the skull and jaws of a 
rhachitomous amphibian, close to Eryops, but specifically, and possibly generically, 
distinct from the typical Wichita forms, the size about two-thirds that of an adult 
Eryops; in addition, a number of fragments of a small Edaphosaurus. 

Locality 4. Clay County, southeast corner of churchyard at Halsell. Numerous 
fragments, including remains of two specimens of Diadectes, one quite small, small 
Edaphosaurus spines, and scraps of Eryops. 

Locality 5. Montague County, near county line west of Ringgold (not shown 
on map). Case some years ago saw a series of Diadectes vertebrae in a private 
collection obtained from this locality. The specimen was later destroyed by fire, 
and further exploration revealed only an indeterminate reptilian caudal fragment. 
This region was until recently regarded as of about Harpersville age,™ and the find 
appeared to indicate considerable antiquity. This area is, however, now known to 
be no lower than about the base of the Admiral. 


The combined material from these various basal Admiral localities 
appears to show that the fauna of this horizon is similar to that of the 
higher beds from which the typical Wichita fauna has come. The com- 
mon genera of that fauna—Cricotus, Eryops, Trimerorhachis, Dia- 
dectes, Ophiacodon, Edaphosaurus, and Dimetrodon—are all present, 
with the possible exception of Trimerorhachis. In addition there are 
Zatrachys, Pariotichus, and Luperosaurus, also present in higher 
Wichita beds. Sagenodus, Megalichthys, and pleuracanth sharks are 
represented as in higher strata. There are no positively recognized 
types generically distinct from those of the upper Wichita. 

PUTNAM 

In Archer County, where this formation was chiefly explored, the 
Putnam is almost entirely of continental, redbeds type. To the South, 
redbeds dwindle and limestones appear near the Salt Fork, and in 
Throckmorton County the formation is essentially marine. Vertebrates 


1A. S. Romer and F. Byrne: The pes of Diadectes, Palaeobiologica, bd. 4 (1931) p. 25, 
footnote. 
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were found in a number of localities, mainly in the valley of the South 
Fork of the Little Wichita and the Onion Creek Valley east of Archer 
City. In Clay County, exposures are poor, and no remains were dis- 
covered. 


Locality 6. Throckmorton County (not shown on map), 4 miles east, 1 mile 
north of Throckmorton, in section 2051 T. E. and L. County survey. Fish remains 
were previously reported from this locality, and more were found during the pres- 
ent season. Several types of Sagenodus predominate ;* Megalichthys, pleuracanth 
teeth, palaeoniscid scales, and spines of Anodontacanthus are present. No am- 
phibian or reptilian remains are identifiable with certainty. The horizon is that 
of the Coleman Junction limestone. 

Locality 7. Archer County. About 10 miles southwest of Archer City, west of 
the South Fork of the Little Wichita beneath a sandstone spur running east into 
the river valley, center of north edge of section 28, Allison Armes survey, ab- 
stract 5. Only a few fragments were found; some pertain to an amphibian, prob- 
ably a small Eryops; others included the head of a small dimetrodont femur and 
part of a pelycosaur humerus. 

Locality 8. Archer County, Elm Creek. In 1881, Cummins collected several 
specimens from Elm Creek, later stating that his locality lay on the east side of 
this creek, about twelve miles southwest of Archer City. The writer has not found 
this locality. Material collected by Cummins at this place includes Eryops, 
Ophiacodon, Edaphosaurus, and a quantity of dimetrodont material including one 
specimen which appears to show pieces of typical Dimetrodon spines, and appar- 
ently, Luperosaurus. 

Locality 9. Archer County, 9 miles southwest of Archer City, east of the South 
Fork of the Little Wichita, at the foot of a small bluff west of the mouth of 
Cottonwood Creek in section 16, Falls County school land. The materials include 
considerable portions of the skeleton of a small Eryops, an Ophiacodon vertebra, 
Edaphosaurus spine fragments, a few pleuracanth and Sagenodus teeth and scraps 
of Megalichthys and a palaeoniscid. 

In 1882, Cummins collected a few specimens of Eryops and Edaphosaurus 
(rather large) from Cottonwood Creek, at a locality which he later reported 
to be 10 miles south of Archer City; it is probable that his locality was at or 
near the present one, rather than the locality higher up this creek discussed under 
the Moran formation. 

Locality 10. Archer County. In 1878 a few specimens were recorded as having 
been collected at or near the “Fireplace.” Cummins” states that this locality lay 
on the west side of the South Fork of the Little Wichita, about six miles south of 
Archer City. It thus appears to have been an exposure in the Putnam formation. 
Its exact position is unknown to the writer. Specimens from here include Cricotus, 
Eryops, an undetermined amphibian of smaller size, Ophiacodon, and various 
dimetrodont fragments. 

Locality 11. Archer County, 2 miles southwest of Archer City, near the top of 
the eastern slope of the valley of the South Fork of the Little Wichita River, in 


2A. S. Romer and H. J. Smith: American Carboniferous dipnoans, Jour. Geol., vol. 42 (1934) 
p. 714. 

23W. F. Cummins: The localities and horizons of Permian vertebrate fossils in Texas, Jour. 
Geol., vol. 16 (1908) p. 739. 
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section 152, Harris Subdivision of Club Ranch. A typical Eryops skull and jaws 
in a red clay; an articulated vertebral column of Edaphosaurus, weathering out 
of a greenish sandstone; and, in a large area of variegated clays containing hundreds 
of coprolites, a single small fragment of Eryops jaw. 

Locality 12. Archer County, 3 miles east-northeast of Archer City, west side 
of Onion Creek valley, reddish clays, below sandstone “B” of the “Geology of 
Texas” map, near southeast corner of H. A. Allen abstract 3. Fragments of skull, 
apparently of a typical Eryops, and a small femur of Eryops type with an estimated 
length of about 12 centimeters. 

Locality 13. Archer County, 5 miles northeast of Archer City, below sandstone 
(“B” of map in “Geology of Texas”) capping a small butte in Onion Creek valley, 
approximately in northwest corner of section 62, Clark and Plumb Subdivision 
block 3. A considerable part of the skeleton of a small reptile still in matrix. 
Although almost nothing of the spines was observed, this is apparently a tiny 
Edaphosaurus. At the same horizon some hundreds of yards to the north were 
found some indeterminable amphibian fragments and a fragment of spine of a 
small Edaphosaurus. 

A specimen of Ophiacodon (?) was found by Cummins in the 80’s in the same 
region and presumably the same horizon. 

Locality 14. Archer County, about 6 miles east and one mile north of Archer 
City, on east slopes of Onion Creek valley, section 113, Clark and Plumb subdivi- 
sion block 4. Numerous fragments embedded in a thick red matrix. As far as 
can be determined most of them pertain to Eryops, Diadectes, and Edaphosaurus. 

Locality 16. Archer County, 7 miles east, 1 mile south of Archer City, east side 
of Onion Creek valley, section 99, Clark and Plumb subdivision block 4. A few 
fragments of Eryops and a badly weathered femur of a fairly small dimetrodont. 


The following four localities lie close to the Putnam-Moran boundary, 
although here included provisionally in the Putnam. However, the 
forms found appear to be common to both formations. 


Locality 16. Archer County, half a mile west of Anarene, small breaks south 
of road just west of east line of 8S. Abercrombie abstract 1249; at top of east slope 
of valley of South Fork of Little Wichita. Several specimens: of Megalichthys, 
numerous fragments of a small Edaphosaurus, and the scapulocoracoid of a tiny 
dimetrodont. 

Locality 17. Archer County, one mile west of Anarene, breaks near tank on 
north side of road. Eryops is represented by a partial pelvis, and there are a 
number of pelycosaur fragments: an Edaphosaurus vertebra and dimetrodont 
remains, including some spine fragments which may pertain to Dimetrodon. 

Locality 18. Archer County, 5 miles southeast of Archer City, in small breaks 
in north part of section 90, Jefferson County school land. Fragments of skull and 
pelvis seemingly of a typical Eryops. 

Locality 19. Archer County, 2 miles northeast of Anarene, small exposure in 
west part of section 58, Jefferson County school land. The material consists entirely 
of badly weathered scraps, among which are pleuracanth shark teeth, Cricotus, 
Eryops (small), Theropleura, Edaphosaurus, and some other unidentified pely- 
cosaur fragments. 
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Some fourteen scattered localities have yielded remains of Putnam 
vertebrates. The list includes the fishes, Megalichthys, Sagenodus, 
pleuracanths, a palaeoniscid, and Anodontacanthus; the amphibians, 
Cricotus and Eryops; the reptiles, Diadectes, Ophiacodon, Edapho- 
saurus, and dimetrodonts probably including Dimetrodon and Lupero- 
saurus. In general, a close resemblance to the Admiral is noticeable; 
most of the common types are present, and there are no forms not 
present in overlying formations. Certain peculiarities may be related to 
possible environmental conditions. Fish remains are cited only from 
a locality far to the south in an essentially marine area and two which 
lie near the lower limits of this formation, close to or in the Moran. 
Further Trimerorhachis is unreported; Cricotus is rare. It would ap- 
pear probable that the Putnam horizon represents a time when con- 
tinental conditions were at their height in this region, when pools in 
which fishes and the more aquatic amphibians would be preserved were 
comparatively rare. This is stratigraphically at the half-way point 
between the time of emergence of this area in the Harpersville and the 
submergence at the end of the Belle Plains. 

Apart from this presumed ecological situation there are some sugges- 
tions of differences between the Putnam and the Admiral. An Eda- 
phosaurus specimen from Onion Creek, although apparently mature, 
appears to have been less than half the size of any member of this genus 
from higher levels, and indicates a new and probably more primitive 
member of this genus. Further, dimetrodont remains are comparatively 
rare, and there is little evidence of long spines; it may be that Dimetro- 
don was rare here, and in this horizon was a comparatively new de- 
velopment. 

MORAN 

In the region of the Brazos River the Moran is essentially marine, 
with numerous limestones and no redbeds. Farther to the northeast it 
is of continental nature, but in most areas outcrops are few and fossils 
difficult to find. Two localities, however, were discovered which yielded 
a varied fauna. 


Locality 20. Young County, one mile northwest of Padgett, northeast quarter 
of William Tryndale abstract 275. Isolated and generally fragmentary bones 
occur in a sandy clay. The most interesting finds were numerous fragments 
attributable to the new and poorly known amphibian Edops (the type specimens 
are from this locality). In addition, smaller limb bones and skull fragments are 
apparently attributable to Eryops. Other amphibian remains include Cricotus 
vertebrae, several expanded neural spines of the type usually ascribed to Zatrachys 
or Aspidosaurus in the upper Wichita, and some undetermined scraps of small 
labyrinthodonts. There are a number of pelycosaur fragments, mostly of small 
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individuals; Edaphosaurus is definitely represented by spine fragments; at least 
one vertebra can be identified as Ophiacodon, and there are a number of fragments 
of dimetrodonts of small size. 

Locality 21. Archer County, about half way between Anarene and Olney, and 
one mile west of the railroad and highway, at the head of Cottonwood Creek, 
adjacent to the southeastern corner of the Falls County school land. The ex- 
posures are at the foot of a high bluff capped by the sandstone “C” of the “Geology 
of Texas” map. Part of the finds are of a nature and in a matrix similar to that 
at Padgett; others in a more normal redbeds type of matrix. As at Padgett, frag- 
mentary remains of Edops are numerous, and a considerable number of somewhat 
smaller amphibian remains are attributable to Eryops. There are skull fragments 
of the Zatrachys type, and jaw fragments, intercentra, and limb bones indistin- 
guishable from Trimerorhachis. Two vertebre show the presence of Diplocaulus. 
Diadectes is represented, and there are, in addition, two specimens of tiny coty- 
losaurs which appear to be close to the pelycosaurs in such features as can be 
determined (they are quite unrelated to the captorhinid type). Edaphosaurus is 
present, as is Ophiacodon and Luperosaurus, represented by a typical pelvis. 
There is a small amount of dimetrodont material, including a maxillary fragment 
with the typical Dimetrodon-Sphenacodon type of dentition, and two short frag- 
ments of spine which presumably pertain to Dimetrodon. Fish remains are 
numerous, including a quantity of remains of Megalichthys, a number of Sagenodus 
teeth, pleuracanth teeth, Sphaerolepis, and Anodontacanthus. 


These two Moran localities reveal a large fauna. Every common 
upper Wichita genus is still present, although there is (again) little 
evidence of Dimetrodon, which is, in any event, rare. The recurrence 
of Trimerorhachis and Zatrachys, absent in the Putnam, suggests that 
one is again reaching a time of lagoon deposits, and the presence of 
numerous fish remains tends to corroborate this. Particularly interest- 
ing is the presence of Diplocaulus, a typical pond dweller, abundant in 
the Clear Fork, rare in the uppermost Wichita, and found here again 
after a long gap. 

Here is the first significant evidence that one is passing down into a 
lower faunal phase, as evinced by the presence of forms unknown in any 
higher horizon. The cotylosaurs mentioned, small and presumably 
rare, may or may not be significant. The amphibian, Edops, is cer- 
tainly significant, for it is large and common here and could not well 
have been missed if present in higher horizons. 


PUEBLO 


The finding of vertebrate remains in the Pueblo, uppermost formation 
of the Cisco group, proved a difficult task. Exposures of this formation 
are found, in the area studied, from the Salt Fork northeastward through 
northern Young County and eastward, roughly parallel to the Jack- 
Clay county boundary, to western Montague County. To the south 
the formation is marine in origin; in northeastern Young County and 


: 
> 
q 
: 
ig 
Aq 
4 
5 
i 


LOWER WICHITA AND CISCO FINDS 1623 


to the eastward the deposits are, for the most part, variegated clays, 
somewhat resembling the typical Wichita sediments in appearance. 
These clays, however, are of a sandy nature and are almost universally 
barren; the situation suggests that they represent the outer edge of a 
rapidly forming delta. Typical red beds were found to a limited degree, 
and although localities were investigated from the region of Olney to 
that of Bowie, wn ». the Pueblo disappears beneath the Cretaceous, 
only asmall amoun ‘“ vertebrate material was found. 


Locality 22. Young County, one mile east of Olney, foot of small butte north of 
railway, in the southwest corner of section 232 T. E. and L. County survey. Frag- 
ments of the skeleton of a rhachitomous amphibian, presumably a small Eryops. 

Locality 23. Young County, 3 miles northwest of Farmer, half a mile due east 
of the northeast corner of section 1480, T. E. and L. County survey, below line of 
outcrops indicated but not named in cooperative geological map of Young County. 
Numerous coprolites in a variegated sandy clay, but of bones only two intercentra 
and a neural spine of Eryops type. 

Locality 24. Clay County, southwest corner, 4 miles south-southeast of Windt- 
horst, Archer County, red clays beneath a sandstone east of a small creek, approxi- 
mately in northwest part of land of E. C. Newton in P. Gilleland abstract 162 
The locality is well south of the Moran-Pueblo boundary as tentatively mapped. 
It is probable that this boundary should be shifted somewhat to the southward, 
but probably can not be placed lower than the sandstone horizon lying above the 
fossil layer. This sandstone dips to the north and has its most southern exposures 
along a line of hills just south of this locality, lying along the boundary between 
the Little Wichita and Trinity drainage areas. The material is fragmentary, but 
shows a variety of forms to be present. A partial parasphenoid is apparently 
identical with that of Eryops, and Edops may be represented by a fragment con- 
taining the base of an enormous thenar tooth; a comparatively small labyrinthodont 
is represented by a piece of dermal bone. The cotylosaurs are represented by 
many fragments of the skull and skeleton of a rather small Diadectes. There are 
pelycosaur remains which obviously represent several genera. Edaphosaurus is 
definitely represented by a spine fragment; a poor femur suggests a small 
Ophiacodon. There are remains which appear to represent two dimetrodonts of 
small size; in one case an incomplete neural spine suggests a Dimetrodon cervical 
vertebra. Of especial interest are a number of fragments, probably associated, 
representing a fairly large pelycosaur. There are a number of vertebral centra not 
dissimilar to those of Ophiacodon; an articular and partial quadrate of a very 
primitive type for a pelycosaur, and almost amphibian in nature; and a fragmentary 
maxilla. This has an enormous canine of Dimetrodon type, and evidence of 
lateral tooth replacement in dimetrodont fashion; but the canine is followed (in 
contrast to Dimetrodon) by a series of very small, and rather blunt teeth. Prob- 
ably, these remains pertain to the poorly known form which has been termed 
Luperosaurus, but of this there is no proof. 

Locality 25. Clay County, southwest corner, 2 miles southeast of the last, near 
the base of a hill in section 2617, T. E. and L. County survey abstract 476; horizon 
apparently the same. In light-colored sandy clays. A sacral rib comparable to 
that of a small Eryops and some undetermined fragments. 
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Locality 26. Clay County, southwest corner, 1 mile east of last, near the base 
of a hill in section 2616, T. E. and L. County abstract 475; conditions and horizon 
apparently the same as in the last case. A single intercentrum of Eryops type. 

Locality 27. Jack County, northwestern corner, 24% miles east and % mile 
north of Antelope, in a flat wash about 100 yards southeast of southwest corner 
of section 33, M. Putnam survey. In rather sandy varicolored clays, capped by a 
sandstone layer. In this area the Saddle Creek horizon, separating Harpersville 
and Pueblo, has not been located; on the cooperative geological map of Jack 
County, horizon ch3, about 50 feet below the Saddle Creek, is mapped a short 
distance to the south of this locality in the valley of the creek into which this 
wash drains. The locality is certainly close to the base of the Pueblo, if not upper- 
most Harpersville. Three specimens were found here. The most interesting com- 
prises a considerable part of the skeleton of a rhachitomous amphibian; it is, 
unfortunately, badly broken and in great measure covered with a refractory matrix. 
Although the characteristic muzzle region is absent, several features lead to the 
conclusion that it is a specimen of Edops. A second specimen, which apparently 
is the same animal as the last, consists of fragmentary material hopelessly embedded 
in a mass of hard matrix. A third find was a sacral vertebra of a reptile of rather 
large size, probably Diadectes. 

Locality 28. Jack County, northwestern corner, one mile east of last, south side 
of a hillock north of the road, in section 32, M. Putnam survey. In variegated 
sandy clays; close to the horizon of the last. The remains include most of the 
shoulder girdle of an amphibian, presumably a small Eryops, and part of a radius, 
neural arch and ilium of the same, a Cricotus intercentrum, and pleuracanth shark 


teeth. 


Poor as they are, the Pueblo finds show that most of the common 
Wichita forms are still present in the upper Cisco—Cricotus, Eryops, 
Diadectes, Edaphosaurus, and perhaps Dimetrodon and Luperosaurus, 
as well as other dimetrodont remains. In addition, Edops of the 
Moran is also found here. Trimerorhachis is absent, but the material 
is too incomplete for this fact to have significance. 

LOWER CISCO 


Exposures of the Harpersville were searched over a wide area in 
Young, Jack, and Clay counties, but without result. Coal seams are 
present, plant remains numerous, and occasional coprolite deposits 
were discovered; but of vertebrates in the variegated clays of this 
formation no trace was found in the time at disposal. 

The Harpersville and Pueblo evidently represent the initial stages of 
a period of emergence in this area. The lower Cisco formations— 
Thrifty and Graham—showed no indications of continental conditions 
in any exposure seen, and since it is well known that the underlying 
Canyon group is marine, no attempt was made to trace the vertebrates 
to lower horizons. 

It is not improbable that vertebrates may some day be discovered 
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in the Harpersville, and not impossible that traces of them might occur 
in still iower formations; but the chances are so poor as to make specific 
search for them an unprofitable venture. 


Tas_e 1—Stratigraphic distribution of certain Texas redbeds genera 


All forms found below the Admiral formation are listed; only a few of the more common 
forms restricted to higher formations are indicated. C — common, R = rare; below the Admiral 
the material is too restricted to make such designation advisable. 


Gener: a 2 2 3 
< 
x x x C Cc Cc 
| x C x Cc 
x xX x Cc Cc x Cc 
x x x C C C Cc 
? ? x Cc C C Cc 
SUMMARY 


Prior to the work here summarized almost nothing was known of the 
vertebrates of any Texas horizons below the upper part of the Admiral. 
As a result of the present investigation the range of this fauna has been 
extended downward in the stratigraphic column by about 50 per cent 
of its previously known range. Material has been assembled, probably 
sufficient to determine all the larger and more common forms to be 
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found in the lower Admiral, Putnam, and Moran formations, and the 
presence of most of these same types in the scarce Pueblo material sug- 
gests that the same is true of that formation. 

The stratigraphic distribution in Texas of all the genera found in 
these lower formations is shown in Table 1; the most common of the 
Clear Fork types have been included for comparison. 

It was noted in a previous section that although the Clear Fork and 
Upper Wichita faunas were closely related, there were marked con- 
trasts, the extinction of certain archaic groups, and the appearance of 
more advanced reptilian types. If, as has been believed by many 
the redbeds fauna is “essentially Permian in nature,” these lower beds 
should be expected to show still more striking contrasts, evidences of a 
change of faunal contest from a preceding Pennsylvanian type. 

The reverse of this situation is true. In most respects these lower 
formations are similar to those of the upper Wichita. All the fish 
types of the typical Wichita beds are present, and no new types are 
found. Of the seven common upper Wichita tetrapod genera—Crico- 
tus, Eryops, Diadectes, Ophiacodon, Edaphosaurus, Trimerorhachis, 
and Dimetrodon—all are present in the earlier beds, and all except the 
last two are present in the lowest horizons in which remains were 
found. In addition, some of the rarer upper Wichita types (Diplocau- 
lus, Zatrachys, Luperosaurus) are present, and the absence of others 
may well be due to accidents of discovery in such a restricted body of 
material. There is no evidence of any marked faunal break or any 
acceleration of evolutionary rate such as would indicate the initiation 
of a new fauna. 

There are, however, indications of a gradual evolutionary change 
such as would be expected over the course of a sensible period of 
geologic time in a well-established fauna. Little of this appears in 
any change in generic status. As noted above, one large amphibian, 
Edops, appears to be a common type at the beginning of the Texas 
record, and primitive types of cotylosaurs, not known later, are pres- 
ent in the Moran. These are the only known new forms in these 
lower formations. Nor is there, as noted, any strong suggestion that 
the later Wichita contains any types evolved since these earlier times. 

If one were able to treat the material on a specific, rather than a 
generic, basis, it is probable that distinct, although slight, differences 
between the beginning and the end of the Wichita would be apparent. 
For example, the material suggests that there was, during this period, 
a gradual increase in size, for most of the representatives of the vari- 
ous genera are, on the average, considerably smaller in the lowest beds. 
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Only in the case of Dimetrodon is there a suggestion that one may be 
dealing with a newcomer. Dimetrodont remains of various sorts are 
not uncommon in the lower beds, but never in the field was a typical 
long Dimetrodon spine observed, and only in three instances were frag- 
ments collected that suggested such spines. Possibly, Dimetrodon 
may be just arriving on the scene; and it may be noted that New Mex- 
ican beds, probably slightly older, lack this form but have a more 
primitive short-spined relative. Diadectes and Edaphosaurus—the 
former with a highly developed battery of “molar” teeth; the latter 
with elongated, cross-barred vertebral spines in addition to an equally 
peculiar dentition—are among the most highly specialized of “Per- 
mian” reptiles. Yet both are found in the Pueblo and Moran, so typi- 
cally developed that, except for somewhat smaller size, one could not 
tell whether their remains were derived from this early horizon or from 
the Clear Fork. 

The appearance of the redbeds fauna in Texas at the end of the Cisco 
does not mark the initiation of a new faunal development, the begin- 
ning of a new “period’ of vertebrate history. It means merely that, 
at this time, continental conditions were first attained in this region, 
allowing its occupancy by an already highly developed series of verte- 
brate types. The present study adds increased weight to the belief 
that the redbeds vertebrates are the last representatives of an essen- 
tially Pennsylvanian fauna. 


OTHER AMERICAN LATE PALEOZOIC TETRAPOD OCCURRENCES 
CORRELATION CHART 


Although the study of earlier Texas deposits, outlined above, has 
carried the redbeds fauna in that State down to lower horizons than 
had been previously reported there, it is obvious that, in Texas, the 
beginning of the redbeds faunal development has, by no means, been 
reached. To gain information concerning its earlier phases, these 
vertebrates must be followed into other areas. Of no other region is 
the knowledge of these forms as thorough as it is in the case of Texas, 
but even the limited knowledge available at present enables one to 
gain a fair idea of the range in time of the American representatives 
of this fauna. 

This discussion will first treat, in descending stratigraphic order, 
various finds which appear to pertain to the redbeds type of fauna, 
and, following this, note occurrences of “typical’ Carboniferous tetra- 
pod faunas and the suggestions which they yield regarding the origins 
of the redbeds forms. 
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Earlier attempts have been made by Case,** Beede,?> and the 
writer 2° to compare the Texas horizons with other American forma- 
tions containing late Paleozoic tetrapods. These attempts have been 
of restricted value because of inadequate knowledge of correlations 
between the various areas. In recent years, however, knowledge of 
these deposits has advanced greatly, and a fresh attempt seems appro- 
priate. 

In the accompanying chart (Fig. 3) are shown the Upper Pennsy]- 
vanian and Lower Permian stratigraphic columns in the principal 
areas in which vertebrates have been found. In an additional column 
are listed various isolated vertebrate occurrences; the west Texas 
marine section and the fusulinid and paleobotanical zones are indi- 
cated for reference. Use has been made of all evidence available from 
studies of invertebrate paleontology, paleobotany, and stratigraphy. 
Correlations between the Illinois field and the lower portions of the 
Appalachian and northern midcontinental regions are mainly based 
on the work of J. M. Weller and H. R. Wanless. The cyclothems de- 
termined by these workers *’ in Illinois have been used as a base, but 
only those cycles containing tetrapod remains are indicated. Means 
are lacking for the close correlation of the upper portions of the eastern 
and the western areas, except that paleobotanical evidence suggests a 
correlation of the Lower Dunkard with the Council Grove. 

For the northern portion of the midcontinental region, use has been 
made of the composite Kansas section by R. C. Moore, M. K. Elias, 
and N. D. Newell (distributed in January 1935). This does not include 
the higher portions of the Permian, for which recourse has been had to 
work in Oklahoma.** The correlations of the northern midcontinental 
region and central Texas are based mainly on the published and unpub- 
lished work of C. O. Dunbar, F. B. Plummer, R. C. Moore, and M. K. 
Elias. A number of equivalences seem fairly well determined: the 
Lower Millsap Falls equals the Lower Cherokee (= Upper Potts- 
ville); Upper Palo Pinto and Graford are, in general, equivalent to 


24 E. C. Case: The Permo-Carboniferous red beds of North America and their vertebrate fauna, 
Carnegie Inst. Washington, Publ. 207 (1915) p. 92-99. 

J. W. Beede: Age and development of redbeds and terrestrial vertebrates of the Appalachian 
and Kansas-Tezas sections, Geol. Soc. Am., Bull., vol. 33 (1923) p. 671-688. 

26 A. S. Romer: Vertebrate faunal horizons in the Texas Permo-Carboniferous red beds, Univ. 
Texas, Bull. 2801 (1928) p. 98-99. E 

27H. R. Wanless: Pennsylvanian cycles in western Illinois, Ill. State Geol. Surv., Bull., vol. 60 
(1931) p. 179-193. 

H. R. Wanless and J. M. Weller: Correlation and extent of Pennsylvanian cyclothems, Geol. 

Soc. Am., Bull., vol. 43 (1932) p. 1003-1016. 

%F. L. Aurin, H. G. Officer, and C. N. Gould: The subdivision of the Enid formation, Am. 
Assoc. Petrol. Geol., vol. 10 (1926) p. 786-799. 
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Figure 3.—Correlation of certain American Upper Peunsylvanian and Permian sections 
With particular reference to vertebrate occurrences (numbered). 


the Kansas City group; the Pueblo corresponds to the basal part of 
the Council Grove; the Coleman Junction limestone of Texas is not 
improbably the exact equivalent of the Cottonwood of Kansas. 
Above this point, however, correlation is less exact. The Upper 
Harper of Kansas is believed to have been traced through and found 
equivalent to the base of the Double Mountain group of Texas, mak- 
ing probable a correlation of the lower portions of the Harper sand- 
stones (Garber and Hennessey), with the Clear Fork redbeds above 
the Lueders.?° Two characteristic fossils of the Fort Riley of Kansas, 
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Myalina copei and Stenopoceras dumblei, have been found in Texas, 
one at a locality presumably in the Admiral, the other in the Belle 
Plains and Clyde. Paleobotanic evidence suggests a correlation of the 
lower Wellington shales with the approximate level of the Beaverburk 
limestone of Texas. The arrangement given here seems to fit this 
varied evidence reasonably well. 

The west Texas section is based on P. B. King’s recent work.®° It is 
generally agreed that the Uddenites zone of west Texas is approx- 
imately the age of the Lower Cisco; further, the ammonites of the 
Lower Leonard suggest a close correlation with the Clyde formation, 
containing at the “military crossing” a similar fauna.** 

The fusulinid zones are those established by Dunbar and other re- 
cent workers; the paleobotanical arrangement is essentially that of 
Bertrand and Darrah,** based, in great measure, upon the work of 
David White and earlier workers. 

The writer is much indebted to J. M. Weller, E. H. Sellards, C. O. 
Dunbar, M. K. Elias, and W. C. Darrah for their interest in discuss- 
ing these matters of correlation, although they are, of course, not re- 
sponsible for such errors as may have crept in to the compilation of 
this data. 

REDBEDS FAUNAS 

Kansas-Oklahoma.—A number of vertebrate finds have been re- 
ported from Kansas and northern Oklahoma in beds which appear to 
correspond in age to those containing redbeds tetrapods in Texas.** 

Horizon 1. Williston in 1897 described a huge labyrinthodont tooth from a 
locality near Louisville, Kansas, at a horizon which would be located in the Admiral 


group of current nomenclature.* It will be noted that these beds are equivalent 
to strata in Texas in which have been found the remains of Edops, also character- 


* Pp, B. King: Permian stratigraphy of Trans-Pecos Texas, Geol. Soc. Am., Bull., vol. 45 (1934) 
p. 697-798. 

*E. Bose: The Permo-Carboniferous ammonoids of the Glass Mountains, West Texas, and 
their stratigraphic significance, Univ. Texas, Bull. 1762 (1917) p. 26. This locality has ti 
been erroneously cited as Choza (upper Clear Fork). Its position is clearly indicated in the 
cooperative geological map of Baylor County, published by the Texas Bureau of Economic 
Geology in 1930. 

2 P. Bertrand: Les flores houilléres d’Amérique, Soc. Géol. Nord, Ann., t. 58 (1933) p. 231-254. 

W. C. Darrah and P. Bertrand: Les flores houilléres de Pennsylvanie, ibid., p. 211-224. 
W. C. Darrah: Stephanian in America, Geol. Soc. Am., Pr., 1933 (1934) p. 451. 

33 Some of this material is discussed in A. S. Romer: An Ophiacodont reptile from the Permian 
of Kansas, Jour. Geol., vol. 33 (1925) p. 179-182. A seeming inconsistency between my former 
correlations and those given here is that Orlando and Eddy are in the one case considered 
Wichita, in the other Clear Fork. This is primarily due to differences, noted previously, in 
the use of these group terms. 

%S. W. Williston: A new Labyrinthodont from the Kansas Carboniferous, Kansas Univ. Quart., 
vol. 6 (1897) p. 209-210. 

A. S. Romer: An Ophiacodont reptile from the Permian of Kansas, Jour. Geol., vol. 33 (1925) 
p. 179-180, for horizon. 
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ized by enormous labyrinthine teeth; and probably, Williston’s tooth pertains to 
this genus. 

Horizon 2. The well-preserved mandible of an embolomerous Amphibian named 
Eobaphetes by Moodie was found in Kansas at a horizon close to the Cottonwood 
limestone.” The Cottonwood, as already noted, is perhaps identical with the 
Coleman Junction limestone of the Wichita. The present form is a member of the 
embolomerous group of labyrinthodonts of which the Wichita remains are uni- 
versally assigned to the genus, Cricotus. Eobaphetes, however, is clearly generically 
distinct from the jaws from Texas assigned to Cricotus, and the writer ™ considers 
it to be much more closely allied to the genus, Leptophractus, of the much earlier 
Linton (Allegheny) fauna. This fact suggests that the embolomerous material 
from Texas perhaps includes the remains of one or more other genera in addition 
to Cricotus. 


Horizon 3. Williston ® in 1897 reported Cricotus and Clepsydrops from Cowley 
County, at a horizon which would now be placed in the uppermost portion of the 
Council Grove group. These generic determinations are open to doubt,” but are 
suggestive of similarity to the fauna of the Wichita with which the beds are 
correlated. 


Horizon 4. Elsewhere the writer™ has described a reptile of the Ophiacodon 
type from the Fort Riley limestone of the Chase group at a horizon seemingly 
equivalent to that in which remains of this type are common in the Texas beds. 


Horizon 6. A number of fragments from Morrison, Noble County, Oklahoma, 
submitted to the writer by John McCormack, shows the presence there of the 
characteristic Wichita forms, Cricotus and Ophiacodon, as well as Dimetrodon, 
Edaphosaurus, and Eryops. This locality lies between the Fort Riley and the 
Herington limestones and hence the horizon is about that of the Winfield at the 
summit of the Chase group. 


Horizon 6. Edaphosaurus has been reported at Elmo (formerly Banner), close 
to the plant and insect horizons in the Carlton limestone of the lower Wellington 
presumably to be correlated with the lower Clear Fork or uppermost Wichita and 
close to the horizon containing a typical Autunian flora.” 


Horizon 7. A “pocket” at Orlando, Logan County, Oklahoma, has yielded nu- 
merous fragmentary remains to both Case and Williston." Forms listed from here 


%R. L. Moodie: A new Labyrinthodont from the Kansas Coal Measures, U. S. Nat. Mus., 
Pr., vol. 39 (1911) p. 489-495. 
A. S. Romer: An Ophiacodont reptile from the Permian of Kansas, Jour. Geol., vol. 33 (1925) 
p. 180. The name is hardly well chosen, for Baphetes, of which this is an implied predecessor, 
is from a presumably much earlier Nova Scotia horizon. 
% A. 8. Romer: The Pennsylvanian tetrapods of Linton, Ohio, Am. Mus. Nat. Hist., Bull., 
vol. 59 (1930) p. 129. 
378. W. Williston: Notice of some vertebrate remains from the Kansas Permian, Kansas Univ. 
Quart., vol. 6 (1897) p. 53-66. 
J. W. Beede: The Neva limestone in northern Oklahoma with remarks upon the correlation 
of the vertebrate fossil beds of the State, Okla. Geol. Surv., Bull. 21 (1914) p. 32. 
38 A, S. Romer: An Ophiacodont reptile from the Permian of Kansas, Jour. Geol., vol. 33 (1925) 
p. 180-181. 
Ibid. 
“CC. O. Dunbar: Kansas Permian insects, Am. Jour. Sci., 5th ser., vol. 7 (1924) p. 178. 
41B. C. Case: On some vertebrate fossils from the Permian beds of Oklahoma, Okla. Dept. 
Geol. Nat. Hist., 2nd Bien. Rept. (1902) p. 62-68. 
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include Diplocaulus, Eryops, Trimerorhachis, Crossotelos (a Carboniferous “hold- 
over” amphibian not found in Texas), Cricotillus, probably identical with the last, 
Cricotus, Pleuristion (apparently a captorhinid reptile), Edaphosaurus, and remains 
of a Seymouria-like form. Orlando is mapped as being high in the Wellington 
shales, not far below the Garber, and is probably equivalent to the Lower Clear 
Fork.“ 

The captorhinid material and the abundance of Diplocaulus suggests the Clear 
Fork. Cricotus isa purely Wichita type; it is reported, in a large amount of mate- 
rial, only on the basis of a single intercentrum, which may well have been a caudal 
centrum of another form. 

Remains of Eryops and Trimerorhachis have been found at McCann’s quarry, 
near Eddy (and Nardin), Kay County, Oklahoma. This locality also lies in the 
Wellington shales, just below the base of the Garber. The vertebrates afford no 
basis for correlation, since these genera are common in both Wichita and Clear 
Fork. It will be noted that they are here associated with the Gigantopteris flora.” 

Horizon 8. Case“ has described a small fauna from a locality near Pond Creek, 
Grant County, Oklahoma. This lies in the lower part of the Hennessey formation. 
Forms present there include Diplocaulus, Eryops, a diadectid, Labidosaurus and 
other captorhinomorph remains, Dimetrodon, and a small pelycosaur. The cap- 
torhinomorphs are clearly indicative of Clear Fork age (Clyde or later). 


The entire amount of tetrapod material from Kansas is insignificant, 
when compared with that known from Texas. However, the vertical 
range of these remains covers almost exactly that now known in Texas 
and several significant finds indicate that the faunal changes within 
the time covered were similar in the two areas. This is in agreement 
with the known continuity of redbeds sediments between these areas 
and the natural conclusion that this is a single faunal province. 


Dunkard.—The only other American region in which are remains 
clearly contemporaneous with those from Texas is that in West Vir- 
ginia and Ohio in which the Dunkard group is developed. Redbeds 
are prominent here, and the group is often assigned in toto to the 
Permian; Darrah * has, however, recently pointed out that the floral 
evidence indicates that the Stephanian-Autunian boundary lies within 
the Dunkard, at the division between the Washington and the Greene 
formations. The Dunkard seems to be nearly equivalent to the 
Wichita and Wolfcamp, the Lower Dunkard to the Council Grove, the 
Upper to the Chase and possibly the Sumner. 


#2 This and other northern Oklahoma vertebrate and plant localities were earlier assigned to 
lower horizons in the Kansas sequence than those here given. This was due to inadequate 
knowledge of the stratigraphy. For the more recent work, see the 1926 U. S. Geological Survey 
map of Oklahoma, and the paper by F. L. Aurin, H. G. Officer, and C. H. Gould, cited above. 

4 C. N. Gould: General geology of Oklahoma, Okla. Dept. Geol. Nat. Hist., 2nd Bien. Rept. 
(1902) p. 58-59. 

*E. C. Case: On some vertebrate fossils from the Permian beds of Oklahoma, Okla. Dept. 
Geol. Nat. Hist., 2nd Bien. Rept. (1902) p. 62-68; The Permo-Carboniferous red beds of North 
America and their vertebrate fauna, Carnegie Inst. Washington, Publ. 207 (1915) p. 96-99. 

“© W.C. Darrah: Stephanian in America, Geol. Soc. Am., Pr. 1933 (1934) p. 451. 
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Horizon 9. Fragmentary vertebrate remains have been reported from several 
localities in the Dunkard. Stauffer“ found a fragment of Edaphosaurus spine in 
the Lower Dunkard shales near Elba, Ohio. A fragmentary skeleton of Edapho- 
saurus was obtained from the Upper Marietta sandstone of the Lower Dunkard at 
Portland, West Virginia,” and materials apparently from the Nineveh limestone 
of the Upper Dunkard, not as yet studied in detail, include remains provisionally 
assigned to Lysorophus, Trimerorhachis, Theropleura, and Dimetrodon. An unde- 
scribed cotylosaur from the Dunkard in West Virginia is in the National Museum 
collections. 


Prince Edward Island 


Horizon 10. Leidy “ in 1854 described, from the red deposits of Prince Edward 
Island, part of the jaw of a reptile, which he believed to be a dinosaur and named 
Bathygnathus. These beds were originally thought to be Triassic, but are now 
known to contain an Upper Stephanian flora. The jaw appears identical with that 
of Dimetrodon of the Texas Wichita and Clear Fork and the related Sphenacodon 
of the earlier Abo of New Mexico.” Presumably these eastern redbeds lie at 
about the horizon of the Lower Wichita or Cisco, but closer correlation is impossible. 


Abo 


Horizon 11. The remains so far discussed appear, in the case of the Kansas ma- 
terial, to cover approximately the same general vertical range as those of Texas, or, 
in the case of the Dunkard and Prince Edward Island beds, are probably approxi- 
mately equivalent to the Wichita. But redbeds types are definitely present in 
older deposits. A first descending stage in the stratigraphic sequence of this 
tetrapod assemblage is to be found in the Abo formation of New Mexico. 

Simultaneously with Cope’s report of Permian vertebrates from Texas, his rival, 
Marsh, described briefly a similar fauna from northwestern New Mexico. This 
fauna has been described further in various papers by Case and Williston.* Most 
of the material has been derived from the early collecting areas in E] Cobre Canyon 
near Abiquiu and the valley of the Puerco del Norte near Coyote. Case has further 
noted remains from a locality near Socorro," and the writer has found bone at two 
further “Permian” localities. All these strata have been included by Darton ™ in 
the Abo formation, the lowest member of the Manzano group. This is essentially 
2 continental deposit of sandstones and clays of redbeds type, overlain by the Yeso, 


46C. B. Stauffer: Divisions and correlations of the Dunkard series of Ohio, Geol. Soc. Am., 
Bull., vol. 27 (1915) p. 88. 

47 R. W. Whipple and E. C. Case: Discovery of Permo-Carboniferous vertebrates in the Dunkard 
formation of West Virginia, Washington Acad. Sci., Jour., vol. 20 (1930) p. 370-372. 

48 J. Leidy: On Bathygnathus borealis, an extinct Saurian of the New Red Sandstone of Prince 
Edward’s Island, Philadelphia Acad. Nat. Sci., Jour., 2nd ser., vol. 2 (1854) p. 327-330. 

49 E. C. Case: The Permo-Carboniferous red beds of Norh America and their vertebrate fauna, 
Carnegie Inst. Washington, Publ. 207 (1915) p. 86. 

59§. W. Williston and E. C. Case: The Permo-Carboniferous of northern New Merico, Jour. 
Geol., vol. 20 (1912) p. 1-12; Permo-Carboniferous vertebrates from New Merico, Carnegie Inst. 
Washington, Publ. 181 (1913). 

51 FE. C. Case: Further evidence bearing on the age of the red beds in the Rio Grande Valley, 
New Mexico, Science, n. s., vol. 44 (1916) p. 708-709. 

52N. H. Darton: Red beds and associated formations in New Mexico, U. S. Geol. Surv., Bull. 
794 (1928) particularly p. 158-167. 
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also continental, and said to be separated at the base by an unconformity from 
the Magdalena limestone of the Pennsylvanian.” 

There are a number of genera, or closely related types, found both in New 
Mexico and throughout the greater part of the known vertical range in Texas. 
This is particularly the case with the diadectids, common in both areas; Platyhistriz 
of New Mexico is close to Zatrachys of both Wichita and Clear Fork of Texas. On 
the other hand, there are features strongly suggesting an early age for the New 
Mexico deposits. Ophiacodon, common there, is not known from Texas above the 
lower part of the Clyde. Edaphosaurus is found in both areas, but the New 
Mexican form is smaller and seemingly more primitive than any Texas type, 
except for a specimen (noted above) from the lower part of the Wichita. The 
typical captorhinids of the Clear Fork, and even of the upper Wichita, are unknown 
in New Mexico; Limnoscelis of that region is a much more primitive type of 
cotylosaur, possibly ancestral to them. Particularly striking is the fact that 
Dimetrodon, so common throughout most of the Texas beds, is absent in New 
Mexico. Instead, one finds Sphenacodon, indistinguishable in most respects but 
strikingly different in the absence of the spiny dorsal “sail” and thus apparently 
indicating an evolutionary stage preceding Dimetrodon. The vertebrate evidence 
suggests a comparison with the Cisco, in the present usage of that term. The 
rarity of amphibian remains in the known Abo material is puzzling; Eryops, so 
common in every Texas horizon, is doubtfully represented by a few fragments, 
and Cricotus, abundant in the Wichita, is unreported. Possibly certain of the dif- 
ferences between Texas and New Mexico faunas are due to geographic as well as 
chronologic reasons, for marine conditions prevailed in the intervening regions 
during much of the late Pennsylvanian and early Permian. 

Ammonites have been found in the Abo at two widely separated localities; in 
both cases they appear to be of rather early types.“ Bése states that the genera 
studied by him are pre-Permian; Miller compares the Abo cephalopods with a 
similar fauna in the Graham formation at the base of the Cisco. Brachiopods of 
Cisco type are found in the Abo in southern New Mexico, together with a Walchia 
flora, presumably equivalent to that found in the Lower Wichita and perhaps 
somewhat lower strata in the midcontinental region. Above the Abo in this region 
is found the fauna of the Hueco (= Wichita).™ Altogether, it would seem that 
correlation of the Abo with the Lower Cisco is justified and that one is here dealing 
with a fauna representing a stage immediately preceding the lowest Texas redbeds 
horizons. Further investigation of the widespread Abo deposits promises to reveal 
much of interest regarding this late Pennsylvanian stage in tetrapod history. 

The barren Yeso red sandstones overlying the Abo seem to be equivalent either 
to the Wichita of Texas or perhaps in part at least to the Clear Fork and the similar 


53 That all the strata termed Abo are exactly equivalent is open to some doubt; for example, 
El Cobre and Coyote localities differ lithologically and show some faunal differences. 

5 FE. Bése: On ammonoids from the Abo Sandstone of New Merico, Am. Jour. Sci., 4th ser., 
vol. 49 (1920) p. 51-60. 

K. K. Miller: A Pennsylvanian cephalopod fauna from south-central New Merico, Jour. 
Pal., vol. 6 (1932) p. 11-93. 

&G. H. Girty and David White, cited by P. B. King: Permian stratigraphy of Trans-Pecos 
Texas, Geol. Soc. Am., Bull., vol. 45 (1934) p. 747. White had previously [Permian of western 
America from the paleobotanical standpoint, Pan-Pac. Sci. Cong., Australia, Pr., 1923, vol. 2 
(1924) p. 1064] stated that this flora is ‘“‘basal Permian,’”’ but gave no details; presumably, this 
is an inference from the supposed Permian position of late Stephanian floras in the midcon- 
tinental region. 
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red sandstones of the “Harper,” at present believed to be in great measure 
equivalent to the Clear Fork. The flora is of Permian type.” 


Conemaugh 

Horizon 12. Darrah™ has described a typical branchiosaur, Branchiosaurus 
montrosensis, from the Conemaugh of western Pennsylvania, about half way be- 
tween the Ames limestone and the summit of this formation. Branchiosaurs are 
abundant in the late Stephanian and early Rotliegende of Europe. No previous 
remains of branchiosaurs in the narrow use of that term have been previously 
reported from North America, although probably Tersomius of the Wichita be- 
longs to this group. The absence of a record of these tiny animals from American 
redbeds is probably to be attributed to the coarse nature of most American conti- 
nental deposits, compared with the finely textured shales in which the remains of. 
the European forms are found. The present specimen is from a shale horizon, not 
aredbeds deposit. It will be noted that forms belonging to the general branchiosaur 
group are to be found in the earlier cannel coal of Linton. 

Horizon 13. A few vertebrate remains from a series of redbeds assigned to the 
Round Knob formation of the Conemaugh group were described by Case in 1908.” 
The fragments included several pertaining to a rhachitomous amphibian comparable 
to Eryops, a series of teeth of Desmatodon, a peculiar reptilian type seemingly not 
dissimilar to the Diadectes group, and a fragment of an Edaphosaurus. It was this 
find which first led Case to his discussion of the relationships of the redbeds fauna 
to the redbeds type of deposition, and to conclude, for the first time, that this 
fauna was not purely Permian, but “Permo-Carboniferous” in nature. It seems 
certain that, although at a considerably lower horizon, the fauna of the Round 
Knob is intimately related to that of the later western redbeds formations. 

A sandstone cast resembling a bone in contour was found in Braxton County, 
West Virginia, at a horizon in the Conemaugh about 200 feet below the Pittsburgh 
Coal. This was submitted to Case,” who commented on its resemblance to a 
pareiasaur radius, but did not commit himself further. The specimen was given 
the taxonomic name of Pareiasaurus? henneni by I. C. White.” This is unfortunate, 
for the specimen certainly does not pertain to Pareiasaurus (definitely confined 
to the upper Permian), and is doubtfully a fossil at all. 


Illinois 

Horizon 14. The first report of Permian vertebrates in America was made by 
Cope in 1877 on the basis of fragmentary remains from.the neighborhood of Dan- 
ville, Illinois Subsequent discovery of the Texas “Permian” fauna was thought 
to confirm this conclusion as to age; even the generic terms applied to some of the 
commonest Texas animals (Cricotus, Diplocaulus, Lysorophus, Clepsydrops) are 


botanical standpoint, Pan-Pac. Sci. 


& David White: Permian of western America from the pal: 
Cong., Australia, Pr., 1923, vol. 2 (1924) p. 1061. 

C. Darrah: manuscript. 

68 EB. C. Case: Description of vertebrate fossils from the vicinity of Pittsburgh, Pennsylvania, 
Carnegie Mus., Ann., vol. 4 (1908) p. 234-241. 

59 FE. C. Case: Notes on the possible evidence of the presence of a Pareiasaurus-like reptile in 
the Conemaugh Series of West Virginia, W. Va. Geol. Surv., Braxton and Clay Co. Rept. (1917) 
p. 817-821. 

© Op. cit., p. 822. 

© The material has been described in detail by E. C. Case: The vertebrates from the Permian 
bone bed of Vermilion County, Illinois, Walker Mus., Contr. 1, no. 1 (1901) p. 1-29. 
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based on the Illinois material. However, this area is one of Pennsylvanian sedi- 
ments, and the problem of the stratigraphic situation was a puzzling one™ It has 
been generally believed either that the deposit was a Permian river channel fill 
in older Pennsylvanian rocks, or that the sediments of this particular area were 
considerably later than those elsewhere in Illinois. Stratigraphic details of the 
area were poorly known. 


A preliminary survey of the material preparatory to a restudy of 
this fauna some time ago convinced the writer that, although the 
Illinois forms are essentially similar to those of Texas, they, neverthe- 
less, give the impression of smaller size and somewhat more primitive 
structure. This suggests an earlier phase in the history of the redbeds 
fauna. This conclusion is in perfect harmony with Wanless’ recent 
finding ® that the fossil horizon is not a channel deposit, but an in- 
tegral part of the stratigraphic succession in the area, and that the 
bone deposit lies in the Centralia cyclothem. This is somewhat below 
the middle of the McLeansboro of the older terminology, at a position 
approximately equivalent to the Palo Pinto formation of the Canyon 
group of Texas, the lower part of the Kansas City group of the Mis- 
souri-Kansas section, and the lower part of the Conemaugh. The 
Illinois vertebrates are, thus, far below the horizon of any of the Texas, 
Kansas, or New Mexico finds, and are even older than the fragmentary 
remains from the Pittsburgh region. Here are the oldest known repre- 
sentatives of the redbeds fanua. 


COAL SWAMP FAUNAS 


Joggins, Nova Scotia.—Typical carboniferous vertebrate assem- 
blages, characteristically found in relation to coal deposits and con- 
taining, in addition to fish, numerous amphibians but almost never 
reptilian remains, are known in Europe in deposits seemingly as old 
as uppermost Mississippian equivalents. In America they are known 
only in the higher levels of the Westphalian floral zone, in the Upper 
Pottsville and, particularly, the Allegheny and equivalent formations. 

Horizon 15. The oldest tetrapod fauna in North America is that from the erect 
coal trees of the Joggins series of Nova Scotia, described by Dawson in numerous 
publications and recently reviewed by Steen.* Numerous genera and species of 
amphibians were described by Dawson; as Miss Steen notes, however, most of the 
identifiable remains pertain to Dendrepeton acadianum, and most of Dawson’s 
species are indeterminate and of dubious validity. The known fauna is, thus, 
exceedingly restricted and far from representative of the presumably varied life 


® E. C. Case: The Permo-Carboniferous red beds of North America and their vertebrate fauna, 
Carnegie Inst. Washington, Publ. 207 (1915) p. 77-78. 

63H. R. Wanless: The age of the so-called Permian beds near Danville, Illinois, paper read 
before the Illinois State Academy of Sci , 1934, 

6M. Steen: The amphibian fauna from the South Joggins, Nova Scotia, Zool. Soc. London, 
Pr. (1934) p. 465-504. 
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of the time. Dendrepeton is a labyrinthodont (in the broad, proper sense of that 
term) which is intermediate in vertebral structure between the embolomerous and 
the rhachitomous types of that great amphibian group In other cases the remains 
are those of lepospondyls (Dawson’s “microsaurs”). 

At a somewhat higher horizon were found two vertebrae, described by Marsh” 
as Hosaurus acadianus, which are presumably amphibian but not close to those of 
the Embolomeri in details, and a labyrinthodont jaw fragment, “Baphetes” minor. 

As noted by Bell,” the Joggins series contains a Westphalian flora of a type 
correlating these beds with the upper Pottsville. 


Pictou, Nova Scotia 


Horizon.16. From the Pictou region have come the front part of the skull of a 
loxommid labyrinthodont, Bapheies planiceps, and a pelvis of embolomerous type.” 
These fossils are from the Albion formation of the Stellarton series. This series is 
of uncertain age. Bell” states that it is determined, by remains of blattoid insects, 
as either uppermost Westphalian or Stephanian; however, F. M. Carpenter” 
states that these remains afford no real basis for correlation. The vertebrate 
fossils suggest the Westphalian rather than the Stephanian. 


Mazon Creek, Illinois 


Horizon 17. The famous plant-bearing beds of Mazon Creek and neighboring 
areas in northern Illinois have yielded a few remains of amphibians—about a dozen 
specimens in nearly a century of intensive collecting. The materials are almost 
all of small forms which are probably branchiosaurs, although of types seemingly 
more primitive than those found in later Stephanian and Autunian deposits; a 
single fragment of the backbone of an embolomerous labyrinthodont has also been 
found" The beds contain a late Westphalian flora;” they appear to be com- 
parable to the middle Allegheny, about the middle of the Des Moines series of the 
north Midcontinental region and the middle Strawn of Texas. 


6D. M. S. Watson, in his important work on the evolution of the Amphibia [The evolution and 
origin of the Amphibia, Roy. Soc. London, Philos. Tr., vol. 209 (1919); vol. 214 (1926)] has 
assumed, since embolomerous vertebrae were found in association with a few primitive Carbonif- 
erous labyrinthodonts, that the Embolomeri are to be regarded as the most primitive of laby- 
rinthodonts, highly varied in nature, and ancestral to the Rhachitomi and Stereospondyli of 
later times. The discovery of the peculiar Dendrepeton type of vertebral structure in such an 
early deposit suggests that this interpretation is open to question and that the Embolomeri 
were a more limited group than he supposed. This, however, reflects in no way upon the 
magnificent contribution to morphological history made in Watson’s studies. 

6 EF. C. Marsh: On the Saurian vertebrae from Nova Scotia, Am. Jour. Sci., 2nd ser., vol. 34 
(1862) p. 1-16. 

67 A. Bell: Outline of Carboniferous stratigraphy ead geologic history of the maritime provinces 
of Canada, Roy. Soc. Canada, Tr., 3rd ser., vol. 21, pt. 2, sect. 4 (1927) p. 101-103. 

68D. M. S. Watson: The evolution and origin of the Amphibia, Roy. Soc. London, Philos. Tr., 
vol, 214 (1926) p. 235-236. 

A. S. Romer: The Pennsylvanian tetrapods of Linton, Ohio, Am. Mus. Nat. Hist., Bull., 

vol. 59 (1930) p. 131-132. 

0 A. Bell: op. cit., p. 107. 

7 Personal communication. 

71 R. L. Moodie: Coal Measures amphibia of North America, Carnegie Inst. Washington, Publ. 
238 (1916) p. 12-15. 

72 A. C. Noé: Pennsylvanian flora of Northern Illinois, Ill. State Geol. Surv., Bull. 52 (1925). 

P. Bertrand: Les flores houilléres d’Amérique, Soc. Géol. Nord, Ann., t. 58 (1933) p. 248-249. 
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Allegheny 


Horizon 18. Linton, Ohio, is the best known of typical Pennsylvanian vertebrate 
localities in America. The fauna was described by Cope and Moodie in various 
papers, and has been recently restudied by the writer™ and Miss Steen.* A few 
specimens are regarded as probably pertaining to reptiles; 99 per cent of the 
tetrapods unquestionably are assignable to the Amphibia. 

Several labyrinthodonts are present; one type is a loxommid, not definitely 
known at any higher horizons; a second is definitely an embolomere, closely related 
to “Cricotus” of Texas, and closely related to “Eobaphetes” of the Council Grove 
of Kansas. Small holospondylous forms present include types obviously ancestral 
to Lysorophus and Diplocaulus of Illinois and Texas™ and one ancestral to Cros- 
sotelos of Oklahoma. The greater part of the species present were tentatively 
assigned, by both Miss Steen and the writer, to the phyllospondyls—that is, 
branchiosaurs in a broad sense of that term. Certain of these forms are fairly 
surely primitive ancestors of the true Stephanian and Autunian branchiosaurs. 
Others are peculiar types, mostly without descendants (one, however, is close to 

_Platyhistriz and Zatrachys of the western redbeds), whose phylogenetic position 
is open to considerable debate. These varied types are probably labyrinthodonts, 
but this group has had a much more complicated history than has been previously 
suspected, the branchiosaurs being, in reality, one of many side branches of this 
stock. 

The Linton cannel, in which the remains are found, is in the Upper Freeport 
horizon, at the summit of the Allegheny and at a point which is taken to mark, 
somewhat arbitrarily, the transition from Westphalian to Stephanian floras. 


Horizon 19. A locality of minor interest is that at Cannelton, Pennsylvania, 
where a few remains are known from a cannel in the Middle Kitanning.* The forms 
appear to be similar to those from Linton. 


Paris, Arkansas 


Horizon 20. A femur of an amphibian, termed Arkanserpeton, from the Paris 
shale of northwestern Arkansas, has recently been described by Lane.” This for- 
mation contains a flora similar to that of the Lower Allegheny; the beds presum- 
ably are to be correlated with the Upper Cherokee or Lower Marmaton of the 
Missouri-Kansas section. 

FAUNAL SUCCESSION 

Apart from the topic of footprints and a few unimportant scraps, all 
known American pre-Triassic amphibian and reptilian remains have 
been treated in the preceding sections. 


7% A. 8. Romer: The Pennsylvanian tetrapods of Linton, Ohio, Am. Mus. Nat. Hist., Bull., 
vol. 59 (1930) p. 131-132. 

7M. Steen: The British Museum Collection of amphibia from the Middle Coal Measures of 
Linton, Ohio, Zool. Soc. London, Tr. (1930) p. 849-981. 

%It is not improbable that future work will show that these names, founded on Illinois 
material, are not properly applicable to the much later Texas forms. 

7% R. L. Moodie: op. cit., p. 15-16. 

7H. H. Lane: A new stegocephalian from the Pennsylvanian of Arkansas, Univ. Kansas, Sci 
Bull., vol. 20 (1932) p. 313-316, pl. 26. 
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In the description of recent finds from the Lower Wichita and upper- 
most Cisco, it was pointed out that the nature of the remains showed 
clearly that one is dealing with a late phase in the development of the 
redbeds fauna, particularly as regards certain of the reptilian types; 
that the absence of these forms in still lower Texas formations implied 
no general change in faunas, but simply a change in conditions in this 
area; and that this fauna must have its roots deep in the Pennsyl- 
vanian. 

How deep these roots are has been seen above. The Abo of New 
Mexico appears, on all available evidence, to represent a Cisco-Virgil- 
Monongahela stage in the development of this fauna, slightly more 
primitive than the Wichita stage, but, as far as known at present, 
differing no more markedly in tetrapod content from the Wichita than 
the latter does from the Clear Fork. A still earlier phase is that of the 
Canyon-Missouri-Conemaugh, best represented at the Danville local- 
ity of Illinois. Knowledge of this phase is still less adequate; but the 
Danville forms, although obviously somewhat more primitive than 
those of the later western redbeds, include representatives of all the 
major reptilian and amphibian groups present in the latter deposits. 
Certainly the redbeds fauna was in existence at the beginning of the 
Stephanian. 

It is, however, unknown earlier. What are its origins? The earliest 
redbeds finds, from the lower Conemaugh, are separated only by a 
short interval from the typical coal measures fauna of the uppermost 
Allegheny. Did the redbeds fauna arise through a rapid evolutionary 
change at the beginning of the Stephanian, as the writer once believed, 
or is there evidence of a transition from earlier faunas? 

A partial answer to these questions can be supplied by a considera- 
tion of the “typical’ Carboniferous assemblages of the Allegheny and 
Upper Pottsville, listed previously. These faunas are marked by the 
presence of an abundance of varied amphibian types and the almost 
utter absence of reptiles, and thus seem to present a strong contrast 
to the redbeds assemblage. 

Examination of the evidence, however, shows that this seeming con- 
trast does not apply to the amphibians, taken by themselves.7* Almost 
all the redbeds groups have closely allied representatives in the “typi- 
cal” Carboniferous fauna. The embolomerous types of the earlier 
faunas are still abundant, as “Cricotus,” as far as the summit of the 
Wichita. So closely allied are redbeds and “Coal Measures” represent- 


% This topic has already been considered to some extent [A. S. Romer: The Pennsylvanian 
tetrapods of Linton, Ohio, Am. Mus. Nat. Hist., Bull., vol. 59 (1930) p. 1438]. 
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atives of this group that, as noted previously, the writer has assigned 
a Kansas redbeds type (“Hobaphetes”) to a Linton genus. The 
branchiosaurs of later days have close allies in the “Coal Measures” 
fauna. Diplocaulus and Lysorophus of the Conemaugh are probably 
as close morphologically to their Linton relatives (Diceratosaurus, 
Coccytinus) as to their larger and later representatives. Certain of 
the Linton groups do not appear in the redbeds deposits, and presum- 
ably became extinct. On the other hand, typical large redbeds rhachi- 
tomous forms, such as Eryops, are not present in the Carboniferous 
faunas; but presumed ancestors may be found in such forms as Den- 
drerpeton. 

There is no sudden change in amphibian types from “Coal Meas- 
ures” to redbeds faunas; instead, there appears to have been a gradual 
evolution, with increased size and specialization in some cases, extinc- 
tion in others. The redbeds amphibians are simply a late aspect of 
Carboniferous amphibian development, and there is little indication of 
any sharp stratigraphic cleavage. 

The contrast, then, lies in the reptiles. They are abundant in all 
redbeds localities; they are unknown in the “Coal Measures” faunas, 
except for a few rather poor fragments from Linton. The stratigraphic 
interval between the highest of the “coal measures” localities and the 
lowest of redbeds type is small indeed, and since even the lowest of 
redbeds horizons shows a considerably advanced stage in reptilian 
evolution this would at first sight imply an impossibly rapid evolu- 
tionary development. 

Solution to this seeming contradiction is readily found in a con- 
sideration of the type of deposition associated with these supposedly 
contrasting faunas.” The amphibian faunas are,. without exception, 
found in coal deposits or shales intimately associated with coal hori- 
zons; the redbeds faunas are almost invariably found in more typically 
continental types of sediments. Amphibians are naturally to be ex- 
pected in numbers in coal swamps, more rarely in deposits of more 
continental type; primitive reptiles were not normal inhabitants of 
swamps, and would not be expected to be found in such localities even 
if numerous contemporaneously on dry land. There is, thus, no proof 
that one is here dealing with two different faunas; probably one has 
to do with two facies of a single fauna. True, the swamp deposits con- 
taining almost purely amphibian faunas occur earlier than the red- 
beds localities in which the reptiles are also common. But it is a com- 


7™D. M. 8S. Watson: Joint discussion on Gondwanaland, Brit. Assoc. Adv. Sci., Rept., 1929 
(1930) p. 326-327. 
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monplace that in the Upper Pennsylvanian there is a progressive trend 
from marine and coal deposits to continental redbeds, and mere acci- 
dents of discovery would tend to have produced this seeming chrono- 
logical succession of faunas. There must, at some time, have been a 
period of reptile origins; but this must certainly have been at some 
time prior to the horizons from which come the oldest American 
amphibian faunas—surely as far back as Pottsville, and not improb- 
ably Mississippian. 

There is, thus, at present no positive evidence of any marked break 
in the known American tetrapod succession in the late Paleozoic. The 
redbeds amphibians represent a gradual evolution from the typical 
Carboniferous forms, and the absence of similar evidence for reptiles 
is readily attributable to the nature of the earlier sediments. 

Beede ® has argued that the base of the Schwagerina zone (i.e., 
approximately the base of the Wichita and Council Grove groups) 
marks the position of a sharp turnover in vertebrate life; that one finds 
“amphibia in overwhelming preponderance” up to this horizon, 
whereas reptiles are dominant above. This is based on a count of 
genera and species from various localities. Such evidence is admiss- 
ible, but cannot be relied upon to any great extent, since the number 
of species reported from any given fauna depends considerably upon 
the taxonomic idiosyncrasies of the describer of the fauna. But even 
if such evidence be taken at face value, this conclusion cannot stand 
in the light of recent stratigraphic advances. The Abo of New Mexico 
now appears to be definitely of pre-Schwagerina age, and yet reptiles 
outnumber amphibians two to one. The only older locality above the 
Allegheny yielding any considerable amount of material is that at 
Danville. In this case, four of seven named species are amphibians, 
but reptilian remains actually preponderate in the material. On a 
statistical basis, then, the amphibian-reptilian change would neces- 
sarily be shifted downward to the base of the Conemaugh; but even 
there, as just noted, it probably is a shift in facies, not a progressive 
faunal evolution. 

Case ** has ably argued that redbeds deposition implies a particular 
type of environmental conditions; that the development and presence 
of the redbeds fauna was associated with these conditions; and that, 
since redbeds appear earlier in the east than in the west, there is a 


8 J. W. Beede: Age and development of red beds and terrestrial vertebrates of the Appalachian 
and Kansas-Tezas sections, Geol. Soc. Am., Bull., vol. 33 (1922) p. 679-682. 

81 EF. C. Case: Permo-Carboniferous conditions vs. Permo-Carboniferous time, Jour. Geol., vol. 
16 (1918) p. 500-506; Environment of vertebrate life in the Late Paleozoic of North America, Car- 
negie Inst. Washington, Publ. 283 (1919) p. 187-193. 
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suggestion of an east-to-west migration of the fauna. This associa- 
tion of fauna and redbeds conditions is, in general, true. But it will 
be noted that the oldest known appearance of this fauna, at Danville, 
is in a non-red type of deposit. Further, since, according to Beede,*? 
redbeds occur as early or earlier in the west (Kansas City. equivalents) 
as in the east (Round Knob), and since the redbeds fauna is known 
from Illinois at an earlier stage than in Pennsylvania, there is at 
present no evidence for an east-to-west migratory movement. 


PENNSYLVANIAN-PERMIAN BOUNDARY 
FLUCTUATIONS IN AMERICAN USAGE | 


Because of the “border-line” nature of the redbeds fauna it is im- 
possible to escape, in a consideration of its stratigraphic position, the 
problem of the proper boundary between the Pennsylvanian and the 
Permian in North America. Although, as already noted, the lowest 
strata containing this fauna are now known to be too old to be included 
in the Permian under even a very elastic use of that term, almost all 
the vertebrate localities have been thought, at some time or other, to 
pertain to that system; on the other hand, all except the highest of 
vertebrate horizons have been considered by many writers to pertain 
to the Pennsylvanian. 

In the Appalachian region the Monongahela-Dunkard boundary has 
been generally taken as the dividing line between systems, although, 
as noted elsewhere, the lower part of the Dunkard is probably to be 
regarded as Pennsylvanian. In Kansas the base of the Permian has 
been constantly shifting, with a general downward trend. Although a 
position as high as the Herington was once suggested, most early 
writers believed the Wreford to be the proper line of demarcation; 
later workers have used the Cottonwood, the Neva, the Americus, and 
even the unconformity at the base of the Admire group; while the 
process of downward movement in Kansas has even led Moore * to 
suggest that the entire Permian be included in a single (rather un- 
wieldy) system with much of the Pennsylvanian. 

In Texas, Cummins, as already noted, variously placed the base of 
the Permian at the Lueders and at (approximately) the base of the 
present Moran formation; later workers have fluctuated between the 
Coleman Junction limestone, the Sedwick, Cummins’ lower boundary, 
and even the base of the Pueblo or the base of the Harpersville. 


82 J. W. Beede: op. cit., p. 685. 
8° R. C. Moore: The “Carboniferous” rocks of North America, 16th Intern. Geol. Cong., Abst. 
Pap. (1933) p. 24-25. 
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In west Texas this variable line has been placed anywhere from the 
base of the Hess-Leonard to the base of the Uddenites zone. In New 
Mexico the base of the Permian has been placed below the Abo, which 
is said to be separated by an unconformity from the underlying Mag- 
dalena. As noted earlier, the Abo is correlated with the Graham for- 
mation at the base of the Cisco group of Texas; here is a proposed line 
of division still lower than any commonly advocated in Texas or 
Kansas. 

Such a confusing nomenclatorial situation might be supposed to have 
arisen from any one of three types of endeavor: (1) attempts to make 
closer correlations with the type sections of the systems concerned; 
(2) carefully considered projects of systematic revision, based on a 
consideration of world-wide utility; or (3) arbitrary changes made 
merely to fit local conditions. Unfortunately in this instance the last 
motive seems to have predominated. In most cases, boundaries have 
been proposed mainly or entirely with the attempt to find a “natural” 
line of cleavage in a local section; few serious efforts have been made 
to establish European correlations, and most suggested revisions are 
unwarranted because based purely on local conditions and local needs. 

Since it is highly improbable that any revision would coincide with 
a “natural” line of vertebrate faunal cleavage, revision is not of par- 
ticular interest to the vertebrate paleontologist. On the other hand, 
more precise attempts at correlation, with the hope of some resulting 
stability in the nomenclature of vertebrate-bearing horizons, is a desir- 
able result. 


AMERICAN EQUIVALENTS OF THE BASE OF THE PERMIAN 


The type section of the Permian is found in the Ural region of Russia. 
The history of the term, and its expansion to designate a system, dis- 
placing the (fundamentally sounder) Dyas, need not here be consid- 
ered. In the widest use to which this term has been extended in the type 
region, the Artinskian constitutes the basal member of the system. 

Beneath the Artinskian lies an assemblage of marine beds collec- 
tively termed the Uralian and regarded by workers on this area as defi- 
nitely Carboniferous. For many years the following sequence was be- 
lieved to hold for this Ural section: at the base the Gschelian; higher, 
following a break, beds in which Omphalotrochus is a characteristic 
fossil; above this, strata containing Productus cora; still higher beds 
usually called the Schwagerina horizon. However, much work has been 
done recently in this area, and this section has undergone considerable 
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revision.** Many of the fossils once thought to be derived from the 
Schwagerina zone are not stated to have been derived from the Cora 
and Omphalotrochus horizons; and the last (Tschernoretschenskij) is 
said to be, in reality, post-Artinskian, and not Uralian at all. Further, 
Schwagerina is not in Russia restricted to a limited zone; it represents a 
facies, not a horizon. ** 

Certain early attempts at correlation may well be disregarded, hav- 
ing been made before the investigation of the west Texas region gave 
adequate knowledge of American invertebrate faunas. 

Bése,®* in 1917, on the basis of ammonoids, correlated the Artinskian 
with the Hess (Leonard) of west Texas, the Wolfcamp being suggestive 
of pre-Artinskian conditions. Schmidt,’? in 1924, likewise correlated 
the Wolfcamp with some stage in the Uralian, on the basis of cephaio- 
pods; Smith,** in 1929, notes that this correlation was made on an in- 
sufficient basis, but states as his own conclusion that the Wolfcamp 
ammonoids are of a transitional nature, less specialized (and hence pre- 
sumably somewhat earlier) than those of the Artinskian. This general 
agreement among cephalopod workers appears to offer strong evidence 
that the American equivalent of the Carboniferous-Permian boundary 
is the Wolfcamp-Leonard boundary of West Texas and its equivalents. 

Also using invertebrate evidence, Elias ** has attempted to correlate 
the Russian and the American sections; his work has not as yet been 
published in full. He concludes that the American equivalent of the 
base of the Russian Permian lies at the Beaverburk limestone of 
Texas, a horizon seemingly equivalent to the Wolfcamp-Leonard 
boundary. 

A group of interest as presenting great possibilities for interconti- 
nental correlation is that of the fusulinids. Beede ® has published an 
interesting attempt at correlation, on the basis of the fusulinid Schwage- 
rina. He concludes that Schwagerina has a restricted vertical range 


% G. Fredericks: Carte géologique de l’Oural, Geol. Prosp. Serv. U. 8. 8S. R., Tr., vol. 69 (1981); 
The Upper Paleozoic of the west slope of the Ural, ibid., vol. 106 (1932); Abédnderungen in der 
stratigraphie des Oberen Paliozoicums des Ural, Soc. Russe Mineral., Mém., vol. 61 (1933) p. 57-69. 

% A. Arkhangelsky: Progrés de recherches géologiques dans la partie Européene de I’U. 8. 8. R. 
durant 15 derniéres années, Soc. Natur. Moscou, Bull., n. s., vol. 40, sect. Geol. 10 (1932) p. 367-381. 

®& E. Bése: The Permo-Carboniferous ammonoids of the Glass Mountains, west Texas, and their 
stratigraphical significance, Univ. Texas, Bull. 1762 (1917) p. 36. 

®% H. Schmidt: Die carbonischen Goniatiten Deutschlands, Preuss. Geol. Landesanst., Jahrb., 
vol. 45 (1924) p. 513. 

J. P. Smith: The transitional Permian ammonoid fauna of Texas, Am. Jour. Sci., 5th ser., 
vol. 17 (1929) p. 63-80. 

8M. K. Elias: Correlation of Upper Carboniferous and Artinskian in Russia with American 
Late Paleozoic rocks, Geol. Soc. Am., Pr., 1934 (1935) p. 370. 

% J. W. Beede and H. T. Kniker: Species of the genus Schwagerina and their stratigraphic 
significance, Univ. Texas, Bull. 2433 (1924) p. 1-98. 
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which is essentially the same in all known areas. This thesis may well 
be essentially correct, for its range seems quite restricted in most areas, 
although it is stated, as noted above, to cover a considerable range in 
Russia. 

The Schwagerina zone in North America includes, in west Texas, 
most of the Wolfcamp (and Lower Hueco) ; in Kansas, the Upper Coun- 
cil Grove and Lower Chase (Neva to Florence). In Texas this genus 
has been reported only from the Moran,®’, but Beede * implies that he 
would expect the Schwagerina zone to extend from this horizon upward 
to about the Bead Mountain—Beaverburk, at the top of the Wichita 
as here defined. 


Schwagerina is present in various Asiatic localities and in southern 
and eastern Europe. Of particular interest is the fact that it is present 
in the Russian section including the type of the Permian. Its exact 
range in this section seems to be open to some doubt, but it is, in general, 
Uralian, pre-Permian, and apparently characteristic of the uppermost 
Uralian deposits. Thus, the evidence from Schwagerina is in perfect 
agreement with that from other invertebrates that the Permian bound- 
ary lies at approximately the Wolfcamp-Leonard boundary; Schwage- 
rina, is, unless revision be indicated, a positive marker of late Pennsyl- 
vanian time. 

All available invertebrate evidence, thus, shows that the American 
equivalent of the base of the Permian may be rather accurately lo- 
cated at the Wolfcamp-Leonard boundary and its equivalents, the 
Beaverburk of Texas at the summit of the Wichita, and in Kansas ap- 
proximately the Carlton limestone at the top of the Sumner group. 


AMERICAN EQUIVALENTS OF THE CARBONIFEROUS-DYAS BOUNDARY 


European continental deposits——More important, however, is com- 
parison with the succession in western Europe. The Pennsylvanian is 
essentially a subdivision of the Carboniferous, of which the classic sec- 
tions are those of western Europe. Here the overlying beds, beginning 
with the Rotliegende, were long considered as forming a Dyassic sys- 
tem preceding the Triassic. The term, Permian, has gradually suc- 
ceeded Dyas in general use, mainly, the writer believes, because of a 
natural desire among stratigraphers to utilize a section containing ma- 
rine rather than continental beds as a basis for correlation. Never- 
theless, it is clear that historically the original of the Pennsylvanian- 


1 E. H. Sellards: The geology of Texas, vol. 1, Stratigraphy, Part 1, Pre-Paleozoic and Paleo- 
zoic systems in Texas, Univ. Texas, Bull. 3232 (1933) p. 144. 

J. W. Beede and H. T. Kniker: op. cit., p. 53. He notes that this genus should be found 
near Raird—i.e., near the Beaverburk horizon. 
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Permian boundary, which the writer is now trying to define, is to be 
sought in the Carboniferous-Dyas boundary of western Europe. 

There, as in much of North America, one sees a gradual change in 
the late Carboniferous, from marine and coal deposits to continental 
sediments of the type dominant in the Rotliegende. No invertebrate 
faunas are present at any point near the boundary, and for its correla- 
tion one must rely on evidence from plants and vertebrates. 

Much of the geological and paleontological data regarding European 
deposits of the late Carboniferous and Rotliegende has been collected 
by Case,® in a recent work on the environment of redbeds vertebrates, 
and need not be repeated in detail here. Despite the complicated struc- 
ture of many of the basins containing late Paleozoic deposits in this 
region, the stratigraphy is, in general, well known and the system 
boundary in most cases well established. Of particular interest from 
the vertebrate point of view are certain beds in Bohemia, those of Nyran 
and Kuonova, which contain an abundant vertebrate fauna studied by 
Fritsch. Their position was for some time a debated one, but Broili and 
others have long since demonstrated their Carboniferous nature; their 
flora is typically late Stephanian.** 


Paleobotanic Evidence.—The late Carboniferous of Europe is char- 
acterized by the presence of the Stephanian flora. This occupies a con- 
siderable vertical range in France; in the Saar, differences in presumed 
environments and resulting types of deposits have resulted in a later 
retention of Westphalian types, the Ottwelier (= Stephanian) corre- 
sponding only to the upper portion of the Stephanian of France; in the 
Westphalian area the Ottweiler is still more restricted. Above the 
Stephanian, the beginning of the Rotliegende is marked by the Au- 
tunian flora, later succeeded by the Saxonian and the Thuringian. Be- 
tween these floras there are no sharp breaks. 

As with other types of fossils, correlation by paleobotanical means 
over long distances involves dangers of error due to possible differences 
(related to migration) in the times of appearance of various types and 
due to possible differences in times of extinction. 

A further source of error lies in the recognized fact that the typical 
Carboniferous floras are essentially swamp-dwelling types, while the 
Permian flora is essentially of upland nature. Since the late Carbonif- 


% EK. C. Case: Environment of tetrapod life in the Late Paleozoic of regions other than North 
America, Carnegie Inst. Washington, Publ. 375 (1926); for recent summaries of the C. rboniferous 
of Europe, see various papers in Congr. Strat. Carb., Heerlen, C. R., 1927 (1928). 

%C. Purkyne: Essai d’wne stratigraphie de la face occidentale du Bassin Houiller dis Sudétes 
Occidentales, Congr. Strat. Carb., Heerlen, C. R., 1927 (1928) p. 553-558, plate; see «lso table 
opposite p. 513, 517. 
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erous and the early Permian beds in both western Europe and most 
of the North American areas show a lithologic trend from marine and 
coal swamp types of deposit to continental sediments as one passes 
upward into the Permian, there is danger (as with vertebrates) of in- 
terpreting a facies change as a floral succession.®® It is possible that 
there may have been considerable overlap of Stephanian and Autunian 
floras. The Stephanian is characterized particularly by the great devel- 
opment of Pecopteris, Callipteridium, Odontopteris, and typical species 
of Sphenophyllum, but, in addition, the upper Stephanian includes rep- 
resentatives of Walchia and Taeniopteris and, apparently at a late 
stage, of Callipteris. These last three genera are represented by numer- 
ous and characteristic species in the Autunian. Gigantopteris, peculiar 
to America and Asia, is also regarded as characteristic of the Autunian, 
although not present in Europe. Jongmans * has recently denied the 
existence of the Stephanian in eastern North America, and believes that 
a great stratigraphic hiatus lies between the Westphalian and the 
Autunian at some point in the Dunkard. This conclusion is in violent 
opposition to all known evidence from invertebrate paleontology and 
stratigraphy as well as paleobotanical sources. It will be noted, how- 
ever, that his paper is based merely on his own collections, made during 
a recent visit to this country. The well-known Stephanian floras of 
the Conemaugh and the Monongahela, are not mentioned, the author. 
merely noting that he has no personal collections from these formations 
in West Virginia, and that part of the collections made in the Pitts- 
burgh region have been lost. Under the circumstances, Jongman’s con- 
clusions may be disregarded. 

In the Appalachian region the Stephanian-Autunian boundary has 
been generally assumed to lie at the base of the Dunkard; however, 
Darrah, as noted above, recently pointed out that there is evidence 
that the lower Dunkard (Washington) is also to be considered as 
Stephanian in age. In Illinois the Westphalian-Stephanian boundary 
appears to lie somewhat above the Carbondale-McLeansboro bound- 
ary, and there are no post-Stephanian floras. In Kansas, plants are 


% M. K. Elias: Late Paleozoic plants of Kansas as time indicators, Geol. Soc. Am., Pr., 1934 
(1935) p. 370. 

David White: Some features of the American Permian, 16th Intern. Geol. Cong., Abst. Pap. 
(1933) p. 27-28. 
M. K. Elias: ibid., p. 69-70. 

% WwW. J. Jongmans and W. Gothan: Florenfolge und vergleichende stratigraphie des karbons 
der Gstlichen Staaten Nord-Americas, Verglich mit West-Europa, Geol. Bur., Heerlen, Jaarver- 
slag, 1983 (1934) p. 17-44. See also: W. J. Jongmans and W. van der Gracht: Carboniferous 
floras of the United States and of western Europe, Geol. Soc. Am., Pr., 1934 (1935) p. 366. 
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known from a number of horizons * and afford considerable possibility 
for correlation with European floras; further work by Elias is in 
progress. 

Elias * reports Walchia and some other types suggestive of the Au- 
tunian, in shales at Garnett, at a comparatively low level in the upper 
Pennsylvanian. This represents the beginning of a trend toward more 
upland conditions in this area, but hardly can be held to mark the be- 
ginning of the Permian, for a rich and typical Stephanian flora is found 
above this level in the Lawrence shale. Further, the lowest portion of 
the Council Grove group still seems obviously Stephanian, a late “Odon- 
topterid association” compared to the Monongahela and other late 
Carboniferous horizons, being present at Onaga in the “Elmdale” beds 
now included in the Council Grove. A few fragments from the Ameri- 
cus appear to afford little basis for determination. Plants described 
from Washington County may have come from a horizon close to the 
Cottonwood (rather than the Winfield, as first reported) ; °° they appear 
to indicate a transitional Stephanian-Autunian flora. In the Wreford 
limestone, at the summit of the Council Grove, the plant assemblage 
now indicates a definite Autunian stage, although a basal position here. 
Plants from the Carlton limestone horizon in the lower part of the 
Wellington shales contain a well-developed Autunian flora. Localities 
at Eddy and Perry, Oklahoma, show an Autunian flora with Gigantop- 
teris,’°° peculiar to America and Asia, present as well. The Perry lo- 
cality lies in the Wellington shales at a horizon probably close to that 
of the Carlton; the Eddy locality perhaps somewhat higher, close to the 
base of the Garber (-basal Harper) 1% 


% The most recent summary is that of David White: Permian of western America from the 
paleobotanical standpoint, Pan-Pac. Sci. Cong., Australia, Pr., 1923 (1924) p. 1050-1077. See also 
David White: The characters of the fossil plant Gigantopteris schenk and its occurrence in 
North America, U. 8. Nat. Mus., Pr., vol. 41 (1912) p. 393-516; Stratigraphy and paleontology 
of the Upper Carboniferous rocks of the Kansas section, U. S. Geol. Surv., Bull. 211 (1903) 
p. 85-117; E. H. Sellards: Fossil plants of the Upper Paleozoic of Kansas, Univ. Kans. Geol. 
Surv., vol. 9 (1908) p. 386-467. 

%M. K. Elias: Some features of the American Permian, 16th Intern. Geol. Cong., Abst. Pap. 
(1933) p. 69. 

% A. S. Romer: An Ophiacodont reptile from the Permian of Kansas, Jour. Geol., vol. 33 (1925) 
p. 180. 

100 Charles Schuchert [Review of the Late Pali ic formati Geol. Soc. Am., Bull., vol. 39 
(1928) p. 777; Correlation of the more important marine Permian sequences, ibid., vol. 46 (1935) 
p. 5, 7, 28] implies that this flora is associated in Kansas with Schwagerina in the Big Blue 
series. However, this fusulinid goes no higher than the Florence flint, and all known Gigantop- 
teris occurrences appear to be considerably higher in the section, at the summit of the Big 
Blue or higher. 

101 These localities were originally believed to be lower in the Kansas section; but see U. S. 
Geol. Surv., map of Oklahoma (1926) and F. L. Aurin, H. G. Officer, and C. N. Gould: The 
subdivision of the Enid formation, Am. Assoc, Petrol. Geol., Bull., vol. 10 (1926) p. 786-799. 
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The evidence suggests that on a paleobotanic basis, the Chase and 
later Kansas groups are Autunian and, hence, post-Carboniferous, and 
that the transition from the Stephanian lies in the upper half of the 
Council Grove group. 

What little is known of the Texas floras suggests a similar situation. 
White 2°? states that the flora of the Cisco (Harpersville) is comparable 
to that of the Monongahela—i. e., upper Stephanian. Plants from a 
locality near Antelope, in the Pueblo formation of the Cisco have been 
reported by I. C. White,’°* mixed with an Autunian flora from a higher 
horizon; these Pueblo specimens are of a Pennsylvanian character. The 
plants of the “lower Albany” (?Admiral), equivalent to the Upper 
Council Grove, are also stated by Plummer and Moore '* to have a 
Pennsylvanian aspect. Near Henrietta, in the Admiral, White *° notes 
a small flora yielding Walchia and Taeniopteris, which might be either 
late Stephanian or earliest Autunian. The only adequately known 
Texas flora is that from localities near Fulda, which lie just below the 
Beaverburk limestone and, hence, are in the Belle Plains formation. 
This flora contains many definitely Autunian types and, in addition, 
Gigantopteris.°* It is not improbable that this horizon is close to 
those in the northern midcontinental region in which Gigantopteris is 
also found. White also reports the flora from a slightly higher horizon 
(lowest Clyde) near Electra, and states that it continues upward 
into the Lower Double Mountain near San Angelo.’’? Apparently, the 
upper half of the Wichita, equivalent to the upper part of the Council 
Grove and much of the Chase of Kansas, is of a transitional Stephanian- 
Autunian nature. 

Little paleobotanic evidence is available for the border-line deposits 
of west Texas and regions farther west. 

Direct paleobotanic correlation would, thus, place the western Euro- 
pean boundary at a somewhat lower horizon in America than the 


102 David White: The characters of the fossil plant Gigantopteris schenk and its occurrence in 

North America, U. S. Nat. Mus., Pr., vol. 41 (1912) p. 505. 
F. B. Plummer and R. C. Moore: Stratigraphy of the Pennsylvanian formations of north 

central Tezas, Univ. Texas, Bull. 2132, 1921 (1922) p. 168. 

108], C. White: Fossil plants from the Wichita or Permian beds of Texas, Geol. Soc. Am., 
Bull., vol. 3 (1892) p. 217-218. 

10 F, B. Plummer and R. C. Moore: Stratigraphy of the Pennsylvanian formations of north 
central Texas, Univ. Texas, Bull. 2132, 1921 (1922) p. 191. 

1% David White: op. cit., p. 505. 

106 David White: op. cit., p. 505-506. Also see I. C. White: op. cit. His Godwin Creek 
locality is presumably at about the same horizon. 

1 David White: Permian of western America from the paleobotanical standpoint, Pan-Pac. 
Sci. Cong., Australia, Pr., 1923 (1924) p. 1061; The characters of the fossil plant Gigantopteris 
schenk and its occurrence in North America, U. S. Nat. Mus., Pr., vol. 41 (1912) p. 495. 
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equivalent of the Russian Carboniferous-Permian boundary—namely, 
at some point in the upper part of the Wolfcamp, in the upper Wichita, 
and in the upper Council Grove. 

Although no invertebrate faunas are associated with the Stephanian 
or Autunian in western Europe, such associations are present in several 
regions in the southern and eastern part of that continent. For ex- 
ample, in the Carnic Alps a Stephanian flora is found in the Auernigg 
beds, with Pseudofusulina and other forms indicating some level in the 
Uralian and, in this country, presumably a rather low position in the 
Wolfcamp, Wichita, and equivalents. In the same region a Rotlie- 
gende flora is found in the Grédener conglomerate (-Verrucano) which 
follows (after a marked hiatus) the Trogkofel beds, which appear to be 
equivalent to the Upper Wolfcamp and Lower Leonard. Plants of 
Autunian and Stephanian types are reported from a number of other 
localities in southern Europe, but their relations to the marine faunas 
seem none too clear. 

In the Donetz basin of Russia, numerous interdigitations of floras and 
marine faunas are present in the Late Carboniferous.’ 

Following a transitional flora (flora 7) in beds (C3,) apparently 
equivalent to the Cora horizon of the Urals, typical Stephanian as- 
semblages (floras 8 and 9) are found in beds (C3; and PC1) containing 
Pseudofusulina prisca, P. verneuili, and other fossils suggestive of the 
Schwagerina horizon, although Schwagerina itself is only reported in 
the beds below (horizon 33, C3.) and in Bakhmout dolomite above the 
Stephanian series. It seems fairly certain that these Stephanian levels 
are essentially equivalent to the major part of the Uralian *°°—the 
Bakhmout is correlated by Yakowlew with the Artinskian (with an 
Autunian flora) and to the Wolfcamp and equivalent formations in 
America. This evidence would place the equivalent of the Carbonifer- 
ous-Dyas boundary of western Europe in a position in America equiva- 
lent to that of the Carboniferous-Permian boundary and at a horizon 
slightly higher than that suggested by direct floral comparisons of the 
two areas. 


Vertebrate Evidence—The European vertebrate faunas of the 
Stephanian and lower Rotliegende were long thought to be of a rather 


108 For floras see M. D. Zalessky: Essai d’une division du terrain houiller du bassin du Donetz 
d’aprés sa flore fossile, Cong. Strat. Carb., Heerlen, C. R., 1927 (1928) p. 806-820, and table. 
The stratigraphy has been recently summarized by A. W. Grabau [The Permian of Mongolia, 
in Natural History of Central Asia, vol. 4, New York (1931) p. 432-459. See also E. Kayser: 
Lehrbuch der Geologie, 7th ed. (1923) p. 308-311]. 

10° Grabau fails to present convincing evidence for the hypothesis that these Donetz beds are 
pre-Uralian. 
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different type than those of America, for Amphibia are preponderant 
at almost every level. It is now realized that this is due to the fact that 
conditions favored the preservation of aquatic life to a much later stage 
there than in America. Reptiles similar to those of the American red- 
beds fauna were present, but are rarely found; and were the close of the 
Carboniferous judged on the basis of the amphibian-reptilian percent- 


NORTH AMERICA WESTERN EUROPE 


WICHITA 


U.STEPHANIAN 


Ficure 4.—Comparison of vertical range of some common vertebrates near the Pennsylvanian- 
Permian boundary in Europe and North America 


ages, one would be forced to include most of the European Permian in 
the earlier system. At present, it is safe to conclude that the Euro- 
pean and the American faunas were exceedingly similar; a number of 
forms are closely related and in some instances generically identical in 
the two areas. 

The paucity of European reptilian remains makes their detailed 
stratigraphic comparison impossible. Among the amphibians, however, 
there is one striking change worthy of notice at the Carboniferous- 
Permian boundary. Embolomerous amphibians (Macromerion and 
others, are common in even the highest European Carboniferous de- 
posits, those of the Nyran and the Kuonova (Fig. 4). In Texas, as 
already noted, remains of embolomeres (Cricotus) are plentiful as high 
as the Beaverburk limestone, beyond which they disappear utterly. 
This suggests that the summit of the Wichita is possibly to be cor- 
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related with the end of the Carboniferous."° Seemingly strong cor- 
roboration of this conclusion is afforded by the fish faunas. 

In the Carboniferous, Sagenodus is the common dipnoan; toothplates 
of this genus are found in almost every freshwater vertebrate locality. 
It, too, is abundant in the late Stephanian. But in the Permian of 
Europe there is only one known toothplate; so exceptional is this that 
Fritsch has given it the significant name of S. tardus.1* 

In America, numerous toothplates of the genus have been found in 
Wichita deposits up to the Beaverburk horizon; beyond this point no 
trace of this genus has been discovered. 

In Europe the last survivor of the typical crossopterygians is the 
genus “Megalichthys”. This form is not uncommon in late Carboni- 
ferous deposits. It is unknown in the Permian. 

In Texas, remains of Megalichthys are not uncommon in the Wichita, 
the highest known occurrences being a short distance below the Beaver- 
burk. Above this horizon the genus is unknown. 

Thus, three striking and common vertebrate types characteristic of 
the Carboniferous became extinct in Europe simultaneously at the 
close of that period. The sudden, simultaneous extinction of these 
common forms in America at the horizon of the Beaverburk limestone 
at the summit of the Wichita is strong evidence that this horizon is 
equivalent to the summit of the European Carboniferous. 

All lines of invertebrate evidence show that the equivalent of the 
Russian Carboniferous-Permian boundary in America lies at the Wolf- 
camp-Leonard boundary, that the vertebrate evidence indicates the 
Beaverburk limestone, probably identical with this, as the equivalent 
of the western European Carboniferous-Permian boundary, and that 
the paleobotanic evidence indicates the homologue’ of the last to lie 


10 It will be noted that the correlations here attempted are based upon extinctions. Corre- 
lation on this basis is frowned upon by most invertebrate workers, and the first appearance 
of new forms is thought to be much more satisfactory. The writer fails to see the force of 
such arguments as have been advanced in support of this view. True, the time of extinction 
of a form or group may vary from region to region; but this is equally true of the time of 
appearance. It is absurd to assume that modern Australia is Mesozoic in age because marsupials 
are not extinct there; but it is equally absurd to suppose this region Mesozoic because the 
characteristic placental groups of the Eocene have not yet appeared. Time of arrival may 
vary as well as time of extinction. Areal intercommunication is, in general, more readily 
accomplished in the case of marine invertebrates than in that of terrestrial groups, but a time 
factor in migration cannot be disregarded, particularly at such a stage as the late Paleozoic, 
when provincial developments are known to be numerous. One cannot assume simultaneous 
universal development of a new type, for it can be demonstrated genetically that a considerable 
degree of isolation is necessary for the development of new species. 

111 Megapleuron, known from a single specimen, is probably identical with Sagenodus. This 
is commonly listed as Permian and, indeed, comes from the Autun basin. But it occurs in 
the lowest stage of the deposits here (Igornay-Lally) accompanied by a flora essentially 
Stephanian rather than Autunian in nature. 
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somewhere between the Wolfcamp-Leonard boundary and a slightly 
lower position, in the upper Council Grove. From the nearly complete 
agreement it seems certain that the Pennsylvanian-Permian boundary 
is to be correctly located at the Wolfcamp-Leonard boundary, the 
Wichita-Clear Fork boundary (Beaverburk), and at about the summit 
of Sumner group in Kansas; and that any change in the position of 
this boundary should be made only as a result of general agreement 
that revision is useful and necessary. 


PROPOSED REVISIONS 


While most of the fluctuations in the Pennsylvanian-Permian bound- 
ary appear to lack justification, two recent discussions of a lower posi- 
tion for this line of demarcation, those of Beede ** and of Schuchert,7"* 
are based on a consideration of world-wide conditions and merit careful 
consideration. 

Beede advocates the time of appearance of Schwagerina as the begin- 
ning of the Permian, and, in consequence, places the base of the Permian 
system at, or near, the base of the Wolfeamp, Wichita, and Big Blue 
in America, between the Cora and the Schwagerina horizons in Russia, 
and below the Schwagerina-bearing formations of eastern Asia; Schwa- 
gerina is unknown in India and Australia. 

Schuchert adopts a similar base in America. In Russia, however, 


he includes the entire Uralian in the Permian. In India and Australia 


no Lower Permian or Upper Carboniferous beds are recognized; the 
Lower Productus limestone of the Salt Range and Australian deposits 
down to the Greta Coal are classed as “late Middle Permian”, and the 
basal tillites of the Indian and Australian sections are included in the 
“early Middle Permian”—that is, above the base of the Permian as 
generally recognized. 

These correlations are open to question. Lower and Middle Rotlie- 
gende, constituting much of the Lower Permian of western Europe are 
placed by Schuchert *** in his Lower Permian, and correlated with the 
Uralian, Big Blue, and Wichita. But the Lower and Middle Rotlie- 
gende contain Autunian and even Saxonian floras, whereas the Uralian, 
as Schuchert notes, contains the earlier Stephanian-Ottweiler flora, and 


12 J, W. Beede and H. T. Kniker: Species of the genus Schwagerina and their stratigraphic 
significance, Univ. Texas, Bull. 2433 (1924). 

118 Charles Schuchert: Correlation of the more important marine Permian sequences, Geol. Soc. 
Am., Bull., vol. 46 (1935) p. 1-46; Review of the Late Pal ic formati: and faunas with 
special reference to the Ice-Age of Middle Permian time, Geol. Soc. Am., Bull., vol. 39 (1928) 
p. 769-886. 

114 Charles Schuchert: Correlation of the more important marine Permian sequences, Geol. Soc. 
Am., Bull., vol. 46 (1935) tables 1, 2. 
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the American groups noted attain, as already shown, the Autunian 
stage only in their upper portions. The Indian and Australian correla- 
tions place the formations of these areas at a much higher position 
than is done by workers in these regions,"* and are in opposition to 
the recent findings of Dunbar *** and Miller.*7 The former notes the 
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Ficure 5.—Late Paleozoic correlations 
With particular reference to the Pennsylvanian-Permian boundary. 


presence in the Lower Productus limestone of a primitive species of 
Parafusulina, which indicates the position of these strata as “a little 
above, though probably not far above, the zone of Schwagerina;” i.e., 
the Lower Productus is equivalent to the Lower Leonard, Artinskian, 
rather than Schuchert’s correlation with the Ufa, the Word, and others. 


u5 F. R. Cowper Reed: New fossils from the agglomeratic strata of Kashmir, Geol. Soc. India, 

Mem., vol. 21, no. 1 (1982). 
T. W. E. David and C. A. Siissmilch: Upper Paleozoic of Australia, Geol. Soc. Am., Bull., 

vol. 42 (1931) p. 481-522; Intern. Geol. Cong., Abst. Pap., vol. 16 (1933) p. 28-30. 

186 C. R. Dunbar: Stratigraphic significance of the fusulinids of the Lower Productus limestone 
of the Salt Range, Geol. Surv. Ind., Rec., vol. 66 (1933) p. 405-413. 

7 A. K. Miller: Metalegoceras jacksoni of the Irwin River coalfield, Western Australia, Am. 
Jour. Sci., 5th ser., vol. 24 (1932) p. 431-442. 
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Miller notes that the so-called Paralegoceras jacksoni of Western 
Australia, from beds equivalent to the Lochinvar stage,'** pertains to 
the genus Metalegoceras. This genus ranges through the Wolfcamp, 
the Wichita, and equivalents, but Miller points out that the Australian 
form is more primitive than any fully known species. This is sug- 
gestive of a position in, or probably below, these Schwagerina zone 
formations, rather than the position above them to which Schuchert 
would assign the Lochinvar marine beds. 

Beede’s argument for change is based mainly on a detailed contrast 
between the faunas of the Schwagerina beds of the Urals and the under- 
lying Cora horizon. Unfortunately, as noted earlier, the supposed 
Schwagerina fauna is now stated to have been obtained in part from 
the Cora zone itself and from the Omphalotrochus zone, so that this 
comparison cannot be considered valid. In addition, Beede discusses 
the changes in the vertebrates, plants, and invertebrates at the Schwa- 
gerina horizon in the midcontinental region of America. As noted 
above, the vertebrates show no significant change at this point; the 
plants attain an Autunian character only toward the upper limits 
of this zone; and, while locally the invertebrates show here some 
change, it appears to be merely a slight accentuation of the essen- 
tially “gradual faunal change from the Pennsylvanian into the Per- 
mian of Kansas.” 

Schuchert,?*° although stating that the complete marine sequence of 
the Texas-Kansas region has led to his advocacy of an expanded defi- 
nition of the Permian, cites few reasons for his position, although en- 
dorsing Beede’s conclusions. He concedes **! that the boundary, wher- 
ever drawn, must be arbitrary, and that in the Kansas section the 
faunal transition is gradual.?? 

Such lower positions for the Permian boundary as have been advo- 
cated do not appear to offer any improvement over the established one. 
The invertebrate sequence admittedly shows a gradual transition. The 
appearance of Schwagerina (and Pseudofusulina) offers a good marker; 
but their replacement by Parafusulina and other advanced fusulinids 
at the accepted boundary appears to be an equally useful line of de- 


usT, W. E. David and C. A. Siissmilch: Upper Paleozoic of Australia, Geol. Soc. Am., Bull., 
vol. 42 (1931) p. 510. 

119 Charles Schuchert: op. cit., p. 44. 

190 Op. cit., p. 3. 

121 Op. cit., p. 10. 

122 Op. cit., p. 44. 

R. C. Moore: The “Carboniferous” rocks of North America, 16th Intern. Geol. Cong., 

Abst. Pap. (1933) p. 24-25. 
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marcation. There is no evidence of important sedimentary changes in 
a number of areas at either horizon, and while breaks are reported 
below the Schwagerina horizon in certain areas, they are also present 
in many areas: at the classic base of the Permian in Russia, where a 
great unconformity has recently been reported between Artinskian and 
Uralian; in the eastern Alps, beneath the Grédener and Verrucano; 
and in eastern Asia. 

Late Paleozoic deposits are, in great measure, of continental nature, 
and these proposed downward revisions give no satisfactory basis for 
the determination of system boundaries appropriate to terrestrial con- 
ditions. In both Europe and North America they close the Pennsyl- 
vanian at an undefinable point in the Stephanian. 

On the other hand, the retention of the established boundary leaves 
definable marine markers; as regards plants, the change from Stephan- 
ian to Autunian floras or the (slightly later?) appearance of Gigan- 
topteris in western America and China; with the vertebrates, the 
extinction of a number of common Carboniferous types. 

Many of the current suggested revisions of systems are due to the 
attempt to find “natural” lines of division to replace older boundaries 
which are now obviously artificial. 

The breaking down of many supposed sharp lines of cleavage into 
gradual transitions is a comforting sign of increasing knowledge. This 
search for other, more “natural” lines of division seems to lead nowhere. 
For it is probable that such lines will, with still further research, prove 
to be contemporaneous with gradual lithologic and faunal changes in 
other regions.'*8 

To the vertebrate paleontologist these suggested revisions have, on 
the whole, little charm. He has long been accustomed to the fact that 
many of his most interesting faunas lie in a debatable zone athwart 
period boundaries. The Cleveland shale, the Morrison, and the Lance 
are a few examples. The redbeds fauna here discussed is a conspicuous 
one. As has been shown, any downward revision of the Permian boun- 
dary to include all its elements would have to include in the Permian 
system not only the Wichita, but the Cisco and the Canyon and their 
equivalents, resulting in an unwieldy Permian and an abbreviated 


12 This situation finds an almost exact parallel in zoological nomenclature. In the pre- 
evolutionary period of belief in catastrophism and successive creations, enough gaps existed 
between vertebrate groups to enable one to define them clearly and to separate easily the 
various genera and families. With i sing k ledge of ting fossil types, these dis- 
tinctions are breaking down. A “natural” classification is possible only insofar as knowledge 
of the phylogeny of a group is inadequate; with sufficient knowledge, cleavages between various 
portions of an evolutionary line must necessarily be arbitrary and artificial. 
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Pennsylvanian, and probably in the creation of as unsatisfactory a line 
of cleavage as that abandoned. Present system boundaries may be 
artificial but they are vastly preferable, in the case of the Pennsyl- 
vanian-Permian boundary, as in others, to the chaos which will almost 


inevitably result from continued attempts to reach an impossible 
“natural” basis. 
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INTRODUCTION 


This paper presents the results of an investigation of two of the 
stratigraphic problems of the upper Mississippi Valley, pointed out by 
Trowbridge and Atwater’ in 1934. At that time a review of the stra- 


* Manuscript received by the Secretary of the Geological Society, May 6, 1985. 
1A. C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 21-80. 
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tigraphy of the upper Mississippi Valley was given, a number of prob- 
lems that the authors believed to be as yet unsolved were outlined, 
and suggested lines of work on the problems were presented. The 
problem of the relation between the Hinckley sandstone of Minnesota 
and the Mt. Simon sandstone of Wisconsin was undertaken by the 
authors, and the results presented orally at the Geological Society of 
America meeting in Chicago in 1933.2, The problem of the relation of 
the Red Clastic series of Minnesota with Keweenawan outcrops of the 
Lake Superior region, as well as the possible Cambrian age of the 
upper Keweenawan, was found to be so intimately related to this in- 
vestigation that the present paper deals with both problems. 

The region of outcrops of the beds in question lies to the southwest 
of the western end of Lake Superior, in the southward extension of the 
Lake Superior geosyncline into Minnesota, and the nearby area of out- 
crops of lower St. Croixan rocks in northwestern Wisconsin. During 
the summer of 1933 the junior author and an assistant mapped and 
collected samples of the Hinckley sandstone of Minnesota, as well as 
of the exposures of the lower St. Croixan beds, and A. C. Trowbridge 
and the senior author spent some time in the field, working on the 
problem. Laboratory work was done at the University of Iowa and 
the University of Wisconsin. The authors wish to express their appre- 
ciation to Dr. Trowbridge for constructive suggestions during the field 
and laboratory work, and to Dr. C. K. Leith for his criticism of the 
report. Dr. F. T. Thwaites, Dr. Andrew Leith, and G. O. Raasch 
have aided in the preparation of the manuscript, and the authors are 
indebted to them for their many suggestions. 


STATEMENT OF THE PROBLEM 
PREVIOUS CONCEPTS 


The problem of the relation between the Keweenawan and the Upper 
Cambrian series has attracted the attention of both the pre-Cambrian 
geologists of the Lake Superior region and the Paleozoic stratigraphers 
working in the upper Mississippi Valley region. The upper Keweena- 
wan beds have long been recognized as the closing phase of pre-Cam- 
brian deposition, consisting of continental sediments of sandstone and 
shale, predominantly red in color, that are intimately related struc- 
turally to the Lake Superior geosyncline formed in middle and late 
Keweenawan times. On the other hand, the Upper Cambrian St. 
Croixan series, with the possible exception of the basal phase, have 


2G. I. Atwater and G. M. Clement: Pre-Mt. Simon age of the Hinckley sandstone, Geol. Soc. 
Am., Pr., 1933 (1934) p. 384. 
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been correctly recognized as marine deposits of sand, silt, and mud, 
carrying a fauna that is now regarded as standard for the Upper Cam- 
brian of the Pacific province. There have been three theories as to 
the age relationship between these continental sediments of the Kewee- 
nawan and the marine St. Croixan. 

1. All of the Keweenawan definitely pre-Lower Cambrian. This 
interpretation has been widely presented, largely through the text- 
books, all of which refer to a long period of erosion, which is termed 
the Lipalian or Epi-Proterozoic erosion interval, between the Kewee- 
nawan and the Lower Cambrian. 

2. All of the Keweenawan correlative with the Lower and Middle 
Cambrian. The entire Keweenawan series have been referred to the 
Lower and Middle Cambrian by several writers.* With particular 
reference to rocks exposed in the area covered by this investigation, 
Winchell‘ placed the upper Keweenawan sandstones at Fond du Lac 
and the sandstone at Hinckley and on the Kettle River in the Upper 
Cambrian, and believed that the underlying eruptives of the Kewee- 
nawan (middle Keweenawan) were Middle Cambrian in age. © 

3. Part of the Keweenawan the chronological equivalent of the 
Lower-Middle Cambrian. This theory was best expressed by Van Hise 
and Leith® in 1911, when they said: 


The main portion of the Keweenawan was put down in pre-Cambrian time. 
During and subsequent to its deposition folding developed the Lake Superior 
basin. In late Keeweenawan time erosion of the lower beds near the rim of the 
basin and deposition of the upper beds within the basin were going on simulta- 
neously. The deposition within the basin continued nearly to or quite to the 
time that the Paleozoic sea, encroaching from the south, reached the basin. The 
Paleozoic sea then deposited its beds with marked structural discordance upon 
the lower-middle Keweenawan, and with substantial accordance upon upper 
Keweenawan beds in parts of the Lake Superior basin in which deposition was 
continuous up to the time of the arrival of this sea. 


They recognized, however, that the Keweenawan belonged more 
closely, on the basis of type of sediments and conditions under which 


3N. H. Winchell: Potsdam sandstone, Minn. Geol. and Nat. Hist. Surv., 10th Ann. Rept. 
(1882) p. 30-34, 135-136; Keweenawan according to Wisconsin geologists, Am. Geol., vol. 16 
(1895) p. 75-86; A rational view of the Keweenawan, Am. Geol., vol. 16 (1895) p. 150-162. 

A. C. Lane: Keweenawan series of Michigan, Mich. Geol. Surv., Publ. 6, Geol. Ser. no. 4 
(1911) p. 41; The age of the Keweenawan series (abstract), Mich. Acad. Sci., Rept. 14 (1912) 
p. 107-108. 

4N. H. Winchell: The geology of the Duluth plate, Minn. Geol. and Nat. Hist. Surv., Final 
Rept., vol. 4 (1899) p. 571. 

6C. R. Van Hise and C. K. Leith: Geology of the Lake Superior region, U. 8S. Geol. Surv., 
Mon. 52 (1911) p. 378-879, 415-416. 
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it must have been deposited, to the pre-Cambrian, and so listed it in 
their classifications. 

Leith, in 1934, clearly restated this concept, declaring that although 
the Keweenawan sedimentation may have continued to, or nearly to, 
the arrival of the Upper Cambrian sea, the important thing to recog- 
nize was that the late pre-Paleozoic sediments were land deposits over 
which the Paleozoic seas transgressed. 

Throughout the pre-Cambrian areas of Wisconsin most of the con- 
tacts of the Upper Cambrian with the pre-Cambrian show a great 
structural and erosional unconformity, but it is important to recognize 
that in these exposures the pre-Cambrian rocks vary in age from 
Archean to Huronian and lower and middle Keweenawan, while in 
some places, as at Baraboo, Wisconsin, the basal Cambrian may be 
well up in the St. Croixan series. This unconformable relationship, 
common also in most of the Cambrian-pre-Cambrian contacts through- 
out the world, is probably the cause of the prevalent belief in the 
existence of the Lipalian interval. The answer, however, to the ques- 
tion of age relationships between the late pre-Cambrian and the earliest 
Cambrian is not to be found in these places. It is to the center of the 
pre-Cambrian geosynclinal basin, where the latest Keweenawan sedi- 
ments were deposited, and where least chance of their subsequent 
erosion could occur, that one must turn to study this problem. Here 
also, where the earliest Cambrian seas entered the still-existing struc- 
tural basin, are preserved the first deposits accumulated during the 
marine invasion of the region. It is in this control area in northeastern 
Minnesota and adjacent portions of Wisconsin that the field work for 
this paper was done. 

The outcrop map of the area southwest of the western end of Lake 
Superior is shown in Figure 1. The known upper Keweenawan sand- 
stones (Amnicon and Orienta) are shown outcropping along the south- 
ern shore of Lake Superior, and in the southwest extension of the 
Lake Superior geosyncline to the St. Croix River region (Lower Oronto 
group). The area of outcrop of the Upper Cambrian series along the 
St. Croix River and throughout west-central Wisconsin is shown. The 
region underlain by the Hinckley sandstone, exposed along the Kettle 
and Snake rivers in Minnesota, is separated on the basis of lithology 
into an upper and a lower division, described below. In the following 
discussion the term, Hinckley, will be used to refer to rocks of this 
outcrop area. A fourth region in which beds with which this discussion 
is concerned occurs in southeastern Minnesota, where Ordovician 


®C. K. Leith: The pre-Cambrian, Geol. Soc. Am., Pr., 1983 (1934) p. 168-169. 
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Figure 1.—Geological map of northwestern Wisconsin and northeastern Minnesota 


strata are shown on the outcrop map. Deep wells in this area pene- 
trate sandstones, below the Upper Cambrian Eau Claire shales, that 
have been correlated by the Minnesota workers with the Hinckley 
sandstone to the north, but which the writers believe to be equivalent 
to the Upper Cambrian Mt. Simon of Wisconsin. This sandstone, to 
which the term, Hinckley, is also applied by the Minnesota geologists, 
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will be referred to in this paper as the Hinckley(?) sandstone. Under- 
lying this basal Upper Cambrian sandstone are Red Clastic beds of 
upper Keweenawan age. 

It is the purpose of this paper to present the evidence for the corre- 
lation of the Hinckley sandstone with the Amnicon and Orienta sand- 
stones of upper Keweenawan age in Wisconsin, and to show that the 
basal Upper Cambrian Mt. Simon sandstone overlies the uppermost 
Keweenawan, with a large structural and erosional unconformity sepa- 
rating them. Evidence will also be presented to show that the Hinckley 
(?) sandstone of the deep wells in southeastern Minnesota is younger 
than the Keweenawan Hinckley sandstone of northeastern Minnesota. 


DEFINITION OF THE BASAL UPPER CAMBRIAN BEDS 


The term, Mt. Simon, was applied by Ulrich, through Walcott,’ to 
the basal formation of the St. Croixan series, described as sandstone 
and grit resting on the pre-Cambrian surface. The type locality is at 
Mt. Simon in the city of Eau Claire, Wisconsin. Walcott stated 
that except for worm borings it is not known to be fossiliferous, but 
as early as 1862, fossil markings known as Climactichnites had been 
described by Hall * from specimens collected by Daniels in 1857 from 
beds of this age in the vicinity of Black River Falls, and compared 
with similar markings from the Potsdam of Canada. Hall later, in 
1860, failed to find the locality, as did his assistant, Hale, in 1862. 
These trails have since been reported from beds along the Lemonweir 
River, four miles north of New Lisbon, by Chamberlin® and by Wal- 
cott.1° Ira Edwards" found Climactichnites near the base of the Mt. 
Simon sandstone at the mouth of Roaring Creek on the Black River, 
at what is probably the locality where Daniels originally found them, 
as reported by Hall. In addition to these localities, Twenhofel, 
Raasch, and Thwaites'? report Climactichnites and Protichnites from 
three other localities in the Mt. Simon of Wisconsin—near Camp 
Douglas, in Juneau County; Keystone Mound, in Adams County; 
and Mosquito Mound, in Wood County. 

Careful study of the outcrops of Mt. Simon, both at the type locality 
and elsewhere throughout the wide area in Wisconsin where it crops 
out, shows that it grades upward into the highly fossiliferous Eau 


™C. D. Walcott: Cambrian geology and paleontology, Smithson. Misc. Coll., vol. 57 (1914) 
p. 354. 

8 James Hall: On a new crustacea from the Potsdam sandstone, Canad. Nat. and Geol., vol. 7 
(1862) p. 443-444. 

°T. C. Chamberlin: Geology of Wisconsin, vol. 1 (1883) p. 131-133. 

2”C. D. Walcott: Cambrian geology and paleontology, Smithson. Misc. Coll., vol. 57, no. 9 
(1914) p. 259-262. 

11 Ira Edwards: Personal communication. 

12.W. H. Twenhofel, G. O. Raasch, and F. T. Thwaites: Cambrian strata in Wisconsin, Geol. 
Soc. Am., Bull., vol. 46 (1935) p. 1687-1744. 
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Claire shales through a transition zone that varies in thickness and 
stratigraphic position greatly from place to place. Except in such 
places as St. Croix Falls and Baraboo, where the Upper Cambrian 
seas lapped up against erosion remnants on the old pre-Cambrian 
peneplane, the Mt. Simon is always present where the Eau Claire 
occurs, as shown by exposures and well logs over the outcrop area of 
the Eau Claire. Throughout all but the extreme eastern portion of 
Wisconsin, the Mt. Simon rests on the pre-Cambrian basement, form- 
ing, as Ulrich described, the basal division of the Upper Cambrian 
St. Croixan series. The thickness throughout the outcrop area in 
Wisconsin is between 200 to 300 feet. The Mt. Simon can be traced 
by well logs to the south and west into Illinois and Iowa, and is also 
present in eastern Wisconsin and northeastern Illinois. It has been 
identified in well logs as far east as central Indiana.*® 


DEFINITION OF THE UPPERMOST KEWEENAWAN 


Thwaites,'* in 1912, working on the Western Lake Superior Sand- 
stone, proved that these beds graded downward into the tilted feld- 
spathic sandstones of the Keweenawan, and applied the name, Bay- 
field, to the upper beds. The underlying sandstone, which he called 
Oronto, had been considered to be definitely Keweenawan by all the 
pre-Cambrian geologists, but many of the earlier workers, notably 
Irving,® had correlated the Bayfield with the Eastern Sandstone of 
Michigan, some of which is known to be St. Croixan in age. Thwaites 
showed that the Bayfield group had participated in the late Kewee- 
nawan folding, and correctly considered these beds as the uppermost 
Keweenawan rocks exposed in the Lake Superior district. The beds 
are unfossiliferous, and correspond in type to the continental Kewee- 
nawan sandstones. His section for the upper Keweenawan of the 
west end of Lake Superior is given below. 

Chequamegon sandstone (1,000 feet). Red and white quartz sand- 
Bayfield group) _ Sone 


Devils Island sandstone (300 feet). Pink and white sandstone 
Orienta sandstone (3,000 feet). 


Amnicon formation (5,000 feet). Red and green shale and arkose 

Eileen sandstone (2,000 feet). Red and white feldspathic sand- 
stone 

Freda sandstone (12,000 feet). Red arkose sandstone 

Nonesuch shale (300 feet). Black shale 

Outer conglomerate (1,200 feet). Coarse conglomerate 


Oronto group 


13 Isabel B. Wasson: Sub-Trenton formations in Ohio, Jour. Geol., vol. 40 (1932) p. 681-682, 
fig. 1. 
4F, T. Thwaites: Sandstones of the Wisconsin coast of Lake Superior, Wis. Geol. and Nat. 
Hist. Surv., Bull. 25 (1912) p. 1-3. 

%R. D. Irving: Copper-bearing rocks of Lake Superior, U. S. Geol. Surv., Mon. 5 (1883). 
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PREVIOUS WORK 


The literature relating to the Red Clastics and the lower St. Croixan 
has been reviewed by Trowbridge and Atwater,’® and in the present 
article reference will be made only to articles pertinent to the con- 
troversy. The rocks exposed in the area of Hinckley were first de- 
scribed by Shumard** in 1852, from their occurrence along the 
Snake and Kettle rivers in northeastern Minnesota. Owen,® in dis- 
cussing the stratigraphy of the entire upper Mississippi Valley region 
in the same report, described the Mt. Simon pebbly sandstones and 
coarse grits of the Chippewa and Black rivers and, while placing these 
in the same division with Shumard’s sandstones of the Snake and Kettle 
rivers and the Lake Superior red sandstone, considered the Mt. Simon 
beds distinctive enough to separate them from the Lake Superior 
sandstone in his table of horizons. 

In 1884, Winchell’® described the “Hinckley rock” from the quarry 
at Hinckley, but did not apply the name to a formation. He assigned 
the rock to the Potsdam formation “near the horizon of its passage 
into the Saint Croix.” In 1886, and again in 1888, Winchell?° expanded 
the use of the term, Hinckley, applying it to the sandstone that under- 
lies the Eau Claire shales in deep wells in southeastern Minnesota. 
It is in the Final Report of the Geology of Minnesota, published in 
1888, that one sees the cause for much of the later confusion regarding 
the nomenclature of the Mt. Simon beds in Minnesota, for Winchell, 
in classifying subsurface formations, correlated these basal sandstones 
and grits with the outcrops at Hinckley, which he considered to be 
the equivalent of the Lake Superior sandstone.” His 1888 section 
for southeastern Minnesota, insofar as it pertains to the Hinckley- 
Mt. Simon problem, is as follows: 


Feet 
No. 3—Micaceous sandstone, beds of shale............... 85 
No. 5.—Siliceous sandrock. 200-300 


Red shales and red sandrock passing into the Cupriferous 


36 A, C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 26-45. 

7B. F. Shumard: Report of a geological survey of Wisconsin, Iowa and Minnesota (1852) 
p. 523-528. Lippincott, Grambo and Co. 

%D. D. Owen: Report of a geological survey of Wisconsin, Iowa and Minnesota (1852) 
p. 48-58. Lippincott, Grambo and Co, 

N. H. Winchell: Geology of Minnesota, Minn. Geol. and Nat. Hist. Surv., Final Rept., 
vol. 1 (1884) p. 176-177. 

2 N. H. Winchell: Revision of the stratigraphy of the Cambrian in Minnesota, Minn. Geol. 
and Nat. Hist. Surv., 14th Ann. Rept. (1886) p. 337; Geology of Minnesota, Minn. Geol. and 
Nat. Hist. Surv., Final Rept., vol. 2 (1888) p. xxii. 

21N. H. Winchell: Geology of Minneosta, Minn. Geol. and Nat. Hist. Surv., Final Rept., 
vol. 2 (1888) p. xxii and 31, 32. 
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Following the present classification of Trowbridge and Atwater? 
and Twenhofel, Raasch, and Thwaites,”* these beds are now classified 
as follows: 

Dresbach formation: 


No. 3—Galesville member 
No. 4—Eau Claire member . 
No. 5—Mt. Simon member 

Red Clastic series of the Keweenawan 


The following Minnesota workers, as well as the United States 
Geological Survey,** avoided this implied correlation of the Mt. Simon 
beds with the rocks outcropping at Hinckley in northeastern Minne- 
sota by avoiding the term, Hinckley, and correctly included the Mt. 
Simon beds in the St. Croixan. It was not until 1925 that the con- 
fusion, resulting from Winchell’s long-distance correlation of the Mt. 
Simon beds of southeastern Minnesota with the rocks outcropping near 
Hinckley in the northeastern part of the State, was repeated. In that 
year, however, Stauffer? re-introduced the term, Hinckley, for the 
sandstone below the Eau Claire shale. Stauffer thus applied the term, 
Hinckley, to the Mt. Simon beds as had Winchell years before, imply- 
ing a correlation between the Mt. Simon of Wisconsin and south- 
eastern Minnesota and the Hinckley in the northeastern part of Minne- 
sota, and placed the Hinckley (?) as the top division of the Red 
Clastics. In so doing, Stauffer removed the Mt. Simon beds from the 
Upper Cambrian, although they had been considered the basal horizon 
of that series by all previous workers. In 1927, he** repeated this 
usage of the term, assigned a Middle Cambrian age to the red shales 
below the Hinckley (?) on the basis of a contained fauna which he 
considered Middle Cambrian, and referred the whole of the Red Clas- 
tics to the Cambrian. He also indicated that the middle Keweenawan 
lavas might well be Cambrian in age. His section of the Rochester 
well follows: 


224A, C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi 
Valley, Geol. Soc. Am., Bull., vol. 45 (1934) Table V, p. 79. 

3 W. H. Twenhofel, G. O. Raasch, and F. T. Thwaites: Cambrian strata of Wisconsin, Geol. 
Soc. Am. Bull., vol. 46 (1935) p. 1687-1744. 

%C. W. Hall: Artesian well borings in southeastern Minnesota, Minn. Acad. Nat. Sci., Bull., 
vol. 3 (1889) p. 134. 

C. W. Hall, O. E. Meinzer, and M. L. Fuller: Geology and underground waters of southern 

Minnesota, U. 8. Geol. Surv., W. S. Pap. 256 (1911) p. 292. 

*®C. R. Stauffer: The Jordan sandstone, Jour. Geol., vol. 38 (1925) p. 700. 

%C. R. Stauffer: Age of the Red Clastic series of Minnesota, Geol. Soc. Am., Bull., vol. 88 
(1927) p. 469-477. 
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Dresbach formation: Feet 

Eau Claire (?) formation: 

Hinckley standstone: 

Red Clastic series: 


Comparison of this with the sections given above will indicate at 
once that the term, Hinckley, was applied to the Mt. Simon horizon of 
Wisconsin. Although, in the Rochester well section, Stauffer places 
the Hinckley (?) above the Red Clastic series, the text and the more 
recent geological map of Minnesota indicate that the Minnesota 
workers consider the Hinckley (?) sandstone as the upper member 
of the Red Clastic series. 

Trowbridge and Atwater ’ definitely correlated the Mt. Simon sand- 
stone of Wisconsin with the sandstone below the Eau Claire shales in 
southeastern Minnesota that is now called Hinckley by Stauffer and 
the Minnesota Geological Survey, but did not believe that the Mt. 
Simon beds could safely be correlated with the rocks at Hinckley, and 
urged the restriction of the term, Hinckley, to the beds in the north- 
eastern part of the State. They presented some evidence against the 
classification of the Red Clastics as Middle Cambrian, and believed 
that the horizon from which Stauffer collected his Middle Cambrian 
fauna belonged rightly in the Eau Claire member of the Upper Cam- 
brian Dresbach formation.”* They considered the unsolved problem 
of the stratigraphic relationship between the rocks near Hinckley and 
the Mt. Simon of Wisconsin to have an important bearing on the rela- 
tion of the Upper Cambrian to the Keweenawan. Pending further 
investigation of this problem, they followed Van Hise and Leith in 
their interpretation of the age of the upper Keweenawan, stating that, 
while classification must for the present be arbitrary, the important 
thing to recognize was that the Red Clastic sediments are probably 
the equivalent of the Lower-Middle Cambrian marine deposits, and 
that there is no great structural or time break between the pre-Cam- 
brian and the Cambrian. 


#7 A. C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 36-38. 
28 A. C. Trowbridge and G. I. Atwater: op. cit., p. 30-31. 


> 
~ 
- 
eu 


RELATION HINCKLEY SANDSTONE TO LAKE SUPERIOR KEWEENAWAN 1669 


RELATION OF HINCKLEY SANDSTONE TO KEWEENAWAN OF 
LAKE SUPERIOR 


HINCKLEY SANDSTONE 


Outcrop distribution —The Hinckley sandstone crops out in north- 
eastern Minnesota in an elongate belt extending from Duluth at the 
northeast end to Isanti and Sherburne counties at the southwest (Fig. 
1). It lies between pre-Cambrian slates and granites, to the north- 
west, and Keweenawan lava flows, on the southeast side. At the south- 
west end of the outcrop as mapped the contact with the Upper Cam- 
brian St. Croixan series is buried under a thick mantle of drift that 
prevents a determination of their relationship in this area. Although 
the quarry at Hinckley from which the rock was originally named by 
Winchell in 1884 no longer provides an exposure of the rock, it is 
abundantly exposed nearby along the Kettle River. The outcrops 
extend northward along the river, through Sandstone, Minnesota, 
where it is best seen in a large quarry, to section 34, Township 44 
North, Range 20 West (Fig. 2). To the west the Hinckley may be 
seen in section 3, Township 39 North, Range 24 West, one mile north 
of Mora on the Snake River, and in section 23, Township 42 North, 
Range 23 West, on the same river about 16 miles above Mora. The 
farthest east outcrops of the Hinckley are found in the vicinity of 
Holyoke, in sections 10 and 17, Township 46 North, Range 16 West. 


Lithology.—The old quarry from which the rock was originally 
described has been almost completely filled in, but a number of pieces 
of the rock were found. It is a salmon-colored, medium- to coarse- 
grained, rather pure quartz sandstone. Sorting is poor. Bedding varies 
from 2 inches to 2% feet. Oscillation ripple marks are present. The 
grains are coated with iron oxide, which gives the rock its color. The 
grains are enlarged with growths of quartz, which acts as a cementing 
material, some parts of the rock being quartzitic. Flattened white 
clay balls lie along the bedding planes. East of Hinckley the rock 
crops out abundantly along the Kettle River. The sandstone is poorly 
sorted, varying from fine to coarse, with pebbles of red quartzite and 
white quartz up to 2 inches in diameter. Pebbles of darker sandstone 
also occur, the probable result of contemporaneous erosion and depo- 
sition. Some of the beds are arkosic in character, but most of the rock 
is a pure quartz sandstone. The quartz grains show well-developed 
crystal faces as the result of authigenic growth, and bands and irregu- 
lar stringers of quartzite are characteristic features of the rock. Iron 
oxide stains the grains so that some of the sandstone is dark dull red. 
The sandstone is exposed to the north along the river, and at Sand- 
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stone, in a large quarry near the river, 120 feet of beds are exposed. 
Bedding is dominantly massive, with oscillation ripple marks common 
on the bedding surfaces. The sandstone is composed of fine to medium 
quartz grains, which show marked secondary enlargement. The sal- 
mon-pink color characterizes the freshly broken rock. 

The northern exposures of the Hinckley sandstone on the Kettle 
River occur between 2 to 6 miles south of Rutledge, where the yellow 
to buff, rather friable sandstone is massively bedded, with cross-bed- 
ding common. Although the rock is easily friable at the present time, 
the individual grains show well-developed crystal faces resulting from 
secondary enlargements of the quartz grains. To the northeast of 
these exposures, near Holyoke, Minnesota, within 4 miles of the Minne- 
sota-Wisconsin boundary, and a little north of the Keweenawan trap 
range, the same phase of the Hinckley is exposed. The rock is mas- 
sive to thin bedded, and the salmon color that marks the southern 
exposures is here dominant. The thinner beds are laminated. Cross- 
bedding and ripple marks are present. The quartzite stringers that 
characterize the southern exposures are also present, and the second- 
ary enlargement of the quartz grains is well developed. 

The lower phase of the Hinckley sandstone is exposed one mile north 
of Mora, on the Snake River, where about 17 feet of medium to coarse 
arkosic sandstone is exposed. Conglomerate horizons occur in the 
sandstone, with pebbles up to one inch in diameter. The color varies 
from reddish brown to light red and pinkish, some phases presenting 
a bleached dirty white appearance splotched with iron oxide stains. 
Feldspar grains are so abundant in places that the rock is a true arkose. 
The feldspars are badly altered. Upstream an eighth of a mile, inter- 
bedded in coarse sandstone, is a conglomerate bed with pebbles up to 
6 inches in diameter. The basal phase of the Hinckley is again found 
on the Snake River about 16 miles north of this point, in section 23, 
Township 42 North, Range 23 West, below the falls of the Snake River. 
The rock is a thin-bedded, medium- to coarse-grained sandstone, with 
some pebbles up to an inch in diameter. The sandstone contains 
abundant partially altered feldspar grains, so that it varies from an 
arkosic sandstone to a true arkose. The color varies from dirty to 
red white. Mottling is common, with irregular white spots appearing 
throughout the reddish sandstone. 

Petrographic study of the light minerals, quartz and feldspar, of 
the upper sandstone phase of the Hinckley show the following char- 
acteristics: 


The quartz grains show iron oxide coating on the abraded surfaces. Secondary 
enlargement of the quartz grains is pronounced, developing crystal faces on the 
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abraded surfaces. The feldspar occurs as clastic grains which may be abraded 
or show jagged angular boundaries. Euhedral authigenic feldspars, which have a 
widespread occurrence throughout the Paleozoic sediments of the upper Missis- 
sippi Valley,” are not present in the Hinckley. 

In the specimens of the arkosic sandstones from the lower portions 
of the Hinckley the large amount of feldspars. which may be partially 
abraded or in the form of cleavage fragments, serve to characterize 
the light separates of the samples. Enlargements of the quartz grains 
are also present. 

On the basis of lithology, therefore, the Hinckley sandstone of north- 
eastern Minnesota may be separated into two phases: the lower divi- 
sion, to the west, arkosic in character; the eastern, or upper, division, 
a rather pure quartz sandstone with pronounced secondary enlarge- 
ment of the individual quartz grains. The thickness of the combined 
lower and upper Hinckley beds outcropping in northeastern Minne- 
sota is estimated, on the basis of width of outcrop and average dip, 
as about 5,000 feet. 


Structure —Along the Kettle River the Hinckley sandstone dips to 
the southeast between one and two degrees or more. The rock near 
Mora, to the southwest, is reported by Upham * as dipping east-south- 
east at angles as high as 15 degrees. In the exposure below the falls, 
likewise in the lower beds of the formation, the beds dip east-north- 
east at angles from 10 to 20 degrees, as reported by Upham. The 
exposures of the upper beds, in the vicinity of Holyoke, close to the 
disturbing influence of the overthrust Keweenawan, show dips varying 
in direction from northeast to southeast. 

The Hinckley as a whole, therefore, dips toward the middle Kewee- 
nawan lavas to the east and southeast, and may be considered as 
forming part of the north flank of the pre-Cambrian Lake Superior 
geosyncline, 

KEWEENAWAN SANDSTONES OF WISCONSIN 

Outcrop distribution of related Keweenawan of Wisconsin.— 
Thwaites** has mapped the distribution of the Bayfield and Oronto 
groups in northwestern Wisconsin, and the separation of the Kewee- 
nawan sandstone into two divisions in the area south of Duluth, as 
shown on Figure 1, is taken from his map. Both the Orienta and the 
Amnicon formations are exposed on the St. Louis River at Fond du 


2A. C. Tester and G. I. Atwater: Occurrence of authigenic feldspars in sediments, Jour. Sed. 
Pet., vol. 4 (1934) p. 23-31. 

% Warren Upham: Notes on rock outcrops in central Minnesota, Minn. Geol. and Nat. Hist. 
Surv., 11th Ann. Rept. (1884) p. 123-124. 

31 F, T. Thwaites: Sandstones of the Wisconsin coast of Lake Superior, Wis. Geol. and Nat. 
Hist. Surv., Bull. 25 (1912) geologic map. 
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Lac, and the structure and section has been described by Thwaites.*? 
The contact of the Orienta sandstone with the Keweenawan traps is 
exposed at Manitou Falls on the Black River and at Amnicon Falls on 
the Amnicon River. In addition, exposures along the south shore of 
Lake Superior and on Fish Creek, near Ashland, in Bayfield County, 
Wisconsin, give excellent sections of the upper Keweenawan. 


Lithology of Orienta and Amnicon formations.—Thwaites described 
the lithology and the gradational contact between the Orienta and the 
Amnicon formations. The upper division, the Orienta sandstone, is 
characterized as being a relatively pure quartz sandstone which grades 
downward into an arkosic sandstone that contains interbedded shale, 
until near the base it assumes the characteristics of the underlying 
Amnicon formation. The thickness of the Orienta is given as about 
3,000 feet. The Amnicon is a dominantly red arkose sandstone, with 
interbedded red shales. The thickness of the Amnicon is given as 
about 5,000 feet. 


Structure of Orienta and Amnicon formations—The Orienta and 
Amnicon formations along the southwest shore of Lake Superior dip 
to the southeast under the middle Keweenawan lavas, which have been 
thrust up over them along the Douglas fault. The dip slip displace- 
ment along this fault plane has been estimated at between 6 to 12 
miles. Close to the contact the Keweenawan sandstones are upturned 
and brecciated. These sandstones, together with the middle Kewee- 
nawan lavas south of them, form the northwest flank of the Lake 
Superior geosyncline, the axis of which runs northeast-southwest 
through Chequamegon Bay, as shown in Figure 1. The center of the 
syncline is occupied by upper Keweenawan sandstones, which extend 
southward, between the middle Keweenawan lavas which form the 
flanks of the syncline, to the region east of the mouths of the Kettle 
and Snake rivers, where the middle and upper Keweenawan are over- 
lapped by the flat-lying Upper Cambrian. 


CORRELATION OF HINCKLEY SANDSTONE WITH WISCONSIN KEWEENAWAN 


Projecting the strike of the beds, the upper Hinckley sandstone that 
is exposed along the Kettle River and at Mora, Minnesota, may be 
related to the Orienta formation, which comprises the lower part of 
the Bayfield group of Wisconsin. The lithology of these upper 
Hinckley beds, that of a rather pure quartz sandstone, corresponds 
to the lithology of the major part of the Orienta formation of Wis- 


@F. T. Thwaites: Sandst of the Wisconsin coast of Lake Superior, Wis. Geol. and Nat. 
Hist. Surv., Bull. 25 (1912) p. 69-73, 91-92. 
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consin. The exposures along the Snake River, at Mora and below the 
falls of the Snake River, however, by their arkosic, impure character, 
appear more closely allied to the Amnicon formation at the top of the 
Oronto group in Wisconsin, although these beds may represent the 
basal phase of the Orienta, near the zone of gradation into the under- 
lying Amnicon. The estimated thickness of the Hinckley sandstone, 
5,000 feet, however, would indicate that these beds include more than 
the equivalent of the Orienta sandstone, which has a thickness of 
around 3,000 feet. It is likewise possible that the Douglas fault bevels 
across younger beds to the south, so that some of the uppermost 
Hinckley may be equivalent to beds of the Devils Island in Wisconsin. 
Until further work is done on the Wisconsin section, however, the bal- 
ance of evidence favors the correlation with the older Bayfield and 
Oronto sandstones. Thwaites suggested that there was an areal con- 
nection of the Bayfield group with the quartz sandstones of the Kettle 
River region, and the evidence presented above supports his hypothesis. 


RELATION OF HINCKLEY SANDSTONE TO THE ST. CROIXAN SERIES 
BASAL ST. CROIXAN SANDSTONE 


Outcrop distribution—The Mt. Simon sandstone crops out abun- 
dantly along the Chippewa, Black, Willow, and Apple rivers in Wis- 
consin, and lies on the pre-Cambrian basement. At the type section 
at Eau Claire it grades upward into fossiliferous Eau Claire, through 
a zone in which the characters of the two units are intermingled. 
Below this gradational zone the Mt. Simon is unfossiliferous, except for 
the trails mentioned above. The northernmost outcrops of Mt. Simon 
occur within the local area covered in this report, along the St. Croix 
River and its tributaries in Minnesota and Wisconsin. The basal 
phase, resting unconformably on the Keweenawan traps, may be seen 
on the St. Croix about one mile north of the Snake River, with scat- 
tered exposures in the stream bed extending south for some distance. 
In Wisconsin the Mt. Simon crops out along the St. Croix north of this 
point, opposite the mouth of the Kettle River. In this area it may 
easily be distinguished from the red arkosic sandstone, conglomerate, 
and shales which are interbedded in the Keweenawan flows. The Mt. 
Simon crops out along the Snake River about one half mile above its 
mouth, and again about one mile above the junction of that stream 
with the St. Croix. Below the Snake River the Mt. Simon crops out 
on the St. Croix at Horse Race Rapids, Baltimore Rapids, and Big 
Rock (Fig. 2). 

Significant outcrops of fossiliferous Eau Claire occur about half a 
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mile up Rush Creek and at Yellow Pine Rapids, on the St. Croix River, 
about four miles below these exposures of Mt. Simon. 


Lithology—Throughout the main area of outcrop in Wisconsin the 
lithologic character of the Mt. Simon is that of a rather pure quartz 
sandstone and grit, poorly sorted, with grains showing well-developed 
abrasion and frosting. Interbedded conglomerates are irregularly dis- 
tributed throughout the formation, with pebbles of vein quartz, up to 
an inch or more in diameter, common. Bedding is irregular, with 
cross-bedding a common feature of the rock. Raasch ** reports ilmen- 
ite, leucoxene, and anatase as comprising more than 80 per cent of 
the heavy minerals of the lower beds of the Mt. Simon. . 

The Mt. Simon in the outcrops of the region of this report presents 
the characterizing features of the formation as a whole, but some sig- 
nificant departures from its usual lithology have been observed. Thus, 
in the basal phase associated with the Keweenawan traps in the ex- 
posure north of the Snake River, the conglomerate pebbles are pre- 
dominantly trap of local origin, up to three inches in diameter. Glau- 
conitic green shale is present throughout the conglomerate. South of 
this outcrop along the river the formation becomes finer grained in 
character. Some phases of the sandstone contain abundant glauco- 
nite, both in the form of fine greenish mud and as individual grains. 
Glauconitic greenish shale and silt are interbedded, while some of the 
sandstone is without glauconite and pure white in color. Distinct 
concentrations of dark-colored heavy minerals occur in layers through- 
out some of this sand, with some of the bands being one to two grains 
in thickness. 

In the outcrop about half a mile up the Snake River, the following 
section (Section 31, Township 39 North, Range 19 West) is exposed: 

Feet 
White to light cream-colored micaceous quartz sandstone, medium to coarse 
Conglomerate horizon, pebbles % to 1 inch in diameter, average % inch, in 
matrix of medium to coarse sand. Pebbles, large, white vein quartz and 


River level 


Another exposure of approximately the same horizon is found about 
a mile upstream. Southward on the St. Croix the Mt. Simon crops 
out at Horse Race Rapids, and on a small creek, a quarter of a mile 
from the river, there is a 50-foot cliff exposure of white- to cream- 


%G. O. Raasch: Stratigraphy of the Cambrian system of the Upper Mississippi Valley, 
Kansas Geol. Soc., Guide Book for 1935 (1935) p. 306. 


j 
i 


1676 ATWATER AND CLEMENT—UPPER MISSISSIPPI VALLEY RELATIONS 


colored quartz sandstone, medium- to coarse-grained, with bedding 
planes, 3 to 6 inches thick. These outcrops were described by 
Winchell ** in 1888, who, although he classified them with the sand- 
stones at Hinckley, said: “These beds of sandstone and shales occur- 
ring on the St. Croix River south from the Kettle River Rapids, and 
on the Snake River near its mouth, are probably the middle part of 
the St. Croix formation or group, being higher stratigraphically than 
the beds seen on the Kettle River.” Winchell thus recognized that 
these sandstones were younger than the Kettle River beds, but failed 
to realize that they belonged immediately below the Eau Claire fossil- 
iferous beds. 

Near the northern border of Chisago County, at Baltimore Rapids 
and Big Rock, on the St. Croix, the Mt. Simon occurs in good expo- 
sures. At Baltimore Rapids the rock forms the river floor, with about 
50 feet exposed above the river level. The rock is a friable, white to 
yellow, coarse quartz sandstone and grit, cross-bedded, with clear 
quartz pebbles up to an inch in diameter. At Big Rock about 25 feet 
of soft, friable, poorly sorted, cross-bedded, white sandstone and grit 
crops out near river level. 

Significant outcrops of the fossiliferous Eau Claire horizon are found 
to the south of these exposures of Mt. Simon, near the mouth of Rush 
Creek and south on the St. Croix at Yellow Pine Rapids. The outcrop 
of Rush Creek is half a mile above its junction with the St. Croix, 
with exposures of 20 feet of beds occurring in places. The soft, friable, 
micaceous sandstone, white to cream in color, may be stained with iron 
oxide, which also occurs in the form of iron concentrations. The quartz 
grains exhibit marked abrasion, and grit granules are sparingly present. 
It is highly fossiliferous, with myriads of badly broken brachiopod 
shells, the fragments of which, however, are excellently preserved, 
forming what may be termed a coquina in the sandstone. In the 
finer sandstone phases the shells are unbroken, and may be identified 
as Obolus namouna Walcott, a form characterizing the Cedaria zone, 
the lowest fauna of the Eau Claire.*° The outcrop may be traced up- 
stream for 14% miles, and is about 5 miles south of the Mt. Simon beds 
at Big Rock. Three miles below the Rush Creek exposure, similar 
beds crop out on the St. Croix at Yellow Pine Rapids. The rock is 
medium grained, white to yellow quartz sandstone, with some beds of 
fine, white, micaceous, quartz siltstone that are characteristic of the 


*N. H. Winchell: Geology of Minnesota, Minn. Geol. and Nat. Hist. Surv., Final Rept., 


vol. 2 (1888) p. 640-642. 
%G. O. Raasch: Stratigraphy of the Cambrian system of the Upper Mississippi Valley, Kansas 
Geol. Soc., Guide Book for 1935 (1935) p. 306. 
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Eau Claire to the south. Some beds are heavily mottled with iron 
oxide staining, and in places the iron oxide is concentrated to form 
the cementing material of the rock. Shells of Obolus namouna Walcott 
are as abundant as in the exposures to the north. Trilobite fragments 
were observed, but were too fragmentary to permit identification. 

Light and heavy mineral separations were ‘made of samples from 
the outcrops described above. The results of the heavy mineral study 
will be presented at a future time. The diagnostic characteristics of 
the light minerals, feldspar and quartz, of the Mt. Simon member, 
as well as the Eau Claire, are as follows: 

The quartz grains predominantly show freshly abraded surfaces, with little or 
no secondary enlargement of the grains. If present at all, the secondary growth 
forms a thin coating on the abraded surface that is not developed sufficiently to 
produce crystal faces. Feldspars occur largely in the form of euhedral authigenic 
crystals, with well-developed crystal outlines, and characterize most of the Mt. 
Simon samples. Authigenic feldspars are abundant in the Eau Claire. 


Structure of the Mt. Simon.—The exposures of Mt. Simon, except 
where the member is in immediate contact with the Keweenawan and 
where initial dip may be observed, show no regional dip that may be 
recorded in the field. In this they contrast strongly with the Hinckley 
sandstone exposures west of the Keweenawan traps, where the regional 
dip to the east and southeast is plainly observable. From the relation 
of the Eau Claire beds, however, to the Mt. Simon beds immediately 
to the north, the regional dip of the basal St. Croixan beds to the 
south may be inferred. As indicated above, the Mt. Simon is inti- 
mately related to the overlying fossiliferous Eau Claire, into which 
it merges by gradation, and any structure that affects the St. Croixan 
series has involved the basal Mt. Simon beds. The structure of the 
Upper Cambrian of the upper Mississippi Valley has been presented by 
Trowbridge.** 

ISOLATED EXPOSURES OF BASAL UPPER CAMBRIAN SANDSTONE 


In the area shown on the geological map of Wisconsin as Kewee- 
nawan igneous rocks and upper Keweenawan sandstones, occur two 
isolated outcrops of basal Cambrian sandstone that can best be referred 
to the position of the Mt. Simon, on the basis of their elevation and 
relation to the underlying Keweenawan. They both occur on the St. 
Croix River, in Township 42 North, Range 15 West (Figs. 2 and 3).%” 

The first exposure, in the extreme southwest corner of section 32, is 


338A. C. Trowbridge: Upper Mississippi Valley structure, Geol. Soc. Am., Bull., vol. 45 (1984) 


p. 519-527. 
% Published by permission of the Wisconsin Geological Survey. 
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a medium- to coarse-grained, pure quartz sandstone, white- to cream- 
colored, soft and friable, with beds of coarse sandstone interbedded in 
poorly sorted finer material. Cross-bedding is present. Although the 
Keweenawan is not exposed in the immediate vicinity, these sand- 
stones are known to overlie the middle Keweenawan flows. The con- 
tact between the middle Keweenawan lavas and the upper Keweena- 
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Ficure 3.—Map of a portion of St. Croix River valley, northwestern Wisconsin 


Showing contact between middle Keweenawan lavas and upper Keweenawan sandstones, and 
southwest extension of contact, based on magnetics, into an area where basal St. Croixan sand- 
stones overlie middle and upper Keweenawan. Location of area shown on Figure 2. 


wan sandstones, as shown in Figure 3, was determined by the Wiscon- 
sin Geological Survey, on the basis of magnetic attraction, and ties in 
with the line of magnetics in Township 42 North, Range 14 West, and 
Township 43 North, Range 14 West. In the latter township the rather 
numerous outcrops along this contact zone, some of which are indi- 
cated in Figure 3, show the Keweenawan sandstone striking North 45° 
East, parallel to the middle-upper Keweenawan contact, and dipping 
to the southeast about ten degrees or more. This region of control 
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of magnetics by outcrops is 9 miles along the strike of the contact from 
the outcrop of the Cambrian sandstone on the St. Croix River, so that 
the mapping of the contact of the middle and upper Keweenawan in 
section 32 may be considered accurate. The contact of the middle and 
upper Keweenawan can be readily located in Township 42 North, 
Range 15 West, as the area underlain by the middle Keweenawan 
lavas to the northwest is an area of variable magnetics, while to the 
southeast, over the Keweenawan sandstones, the magnetic readings 
are uniform. 

Three miles east, in the area of the upper Keweenawan sandstones, 
another exposure of basal Cambrian sandstone occurs on the St. Croix 
River, in the west center of section 35, Township 42 North, Range 15 
West. The rock is a fine- to medium-grained, friable, pure quartz 
sandstone, white- to cream-colored. Symmetrical ripple marks are 
present.. Northeast of this outcrop, in sections 4, 9, and 16, Township 
42 North, Range 14 West, the upper Keweenawan sandstone is exposed. 
The rock is a dark red, well-cemented arkose, varying in size from a 
fine siltstone and shale to coarse grit. 

The unconformable relation of the basal St. Croixan beds with the 
middle and upper Keweenawan of Wisconsin is thus shown by the 
relation of these two outcrops of white quartz sandstone, lying uncon- 
formably upon both middle Keweenawan lavas and the upper Kewee- 
nawan red arkosic sandstone. Both the middle and the upper Kewee- 
nawan form the northwest flank of the Lake Superior geosyncline, and 
dip to the southeast at angles of ten degrees or more. These two expo- 
sures of Upper Cambrian sandstones, expressed as outliers on the map 
(Fig. 1), indicate the once wider distribution of the Cambrian sedi- 
ments over the Keweenawan, from which they have since been re- 
moved by erosion. Their unconformability with the underlying rocks 
illustrates the great structural and erosional break separating the 
Keweenawan sediments from the younger Cambrian sands deposited 
on the beveled Keweenawan rocks that were folded in late Kewee- 
nawan times and eroded before the arrival of the Upper Cambrian sea. 
Another area in which the structural and erosional unconformity be- 
tween the basal Cambrian and the Keweenawan is shown in north- 
western Wisconsin is on the southeast side of the southern middle 
Keweenawan trap range. The region is shown on Figure 1 by a com- 
bination of Keweenawan and St. Croixan symbols. In this area, as 
shown by the Wisconsin Geological Survey, the Cambrian sands 
occupy erosional depressions on the Keweenawan surface, which locally 
had rather marked relief. 
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RELATION OF THE HINCKLEY TO THE MT. SIMON 


The difference in lithology between the rocks that crop out at 
Hinckley and adjacent areas and the Mt. Simon beds on the St. Croix 
has been noted. The arkosic sandstone of the lower Hinkley and the 
red, silica-cemented quartz sandstone of the upper Hinckley differ 
markedly from the friable, light-colored quartz sandstone and con- 
glomerate of the Mt. Simon, and the distinctive features of the feld- 
spar grains in the two horizons have been described. The diagnostic 
features of the light separates, as seen under the microscope, may be 
summarized as follows: 

Mt. Simon—Abraded quartz grains. 
If any secondary enlargement occurs, it forms a thin film 
coating the abraded surface. No development of crystal faces 
observed in specimens from area studied. 
Euhedral authigenic feldspars usually present. 


Hinckley—Well-developed secondary enlargements of the quartz grains. 
Feldspars occur as detrital grains. 
Form, abraded or cleavage fragments, altered. 
Large proportions of feldspars in basal phase. 
In general, grains more heavily stained with iron oxide. 


Using these criteria, a number of slides, covering all the samples taken, 
have been presented to associates, who succeeded in classifying cor- 
rectly the samples from the two formations, even in cases where the 
hand specimen examination would fail to show the differences. 

The thickness of the red sandstone of the Hinckley area, around 
5,000 feet, contrasts sharply with the average thickness, 200-300 feet, 
of the Mt. Simon throughout the general Wisconsin region. Consider- 
ing the short distance that intervenes between known outcrops of these 
two sandstones, this discrepancy in thickness argues against the cor- 
relation of the two units. 

The structural relation of the Hinckley sandstone to the middle 
Keweenawan lavas has been noted. The beds form the northwest flank 
of the Lake Superior geosyncline, dipping to the southeast under the 
middle Keweenawan lavas, which have been thrust up over them along 
the southward continuation of the great Douglas County thrust fault. 
This thrust occurs on the northwest flank of the Lake Superior geosyn- 
cline, and probably developed during the formation of this syncline in 
late Keweenawan times. The Hinckley sandstone continues to the 
northeast in Wisconsin in the Amnicon formation of the Oronto group 
and the Orienta formation of the Bayfield group. Lying stratigraphi- 
cally over these sandstones, and therefore above the Hinckley sand- 
stone, are the Devils Island and the Chequamegon formations of the 
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upper Bayfield group, which occur only in the center of the Lake 
Superior geosyncline (Fig. 1). 

In contrast to the Hinckley sandstone and the overlying Keweenawan 
sandstones that form a part of the pre-Cambrian structure, the Mt. 
Simon sandstone and grit lies unconformably upon the middle Kewee- 
nawan lavas on the St. Croix River in the vicinity of the Snake and 
Kettle rivers in Minnesota, where it is directly overlain by the fossil- 
iferous Eau Claire beds. Its structure is not that of the pre-Cambrian 
Lake Superior geosyncline, except insofar as the Cambrian sediments 
were deposited in a pre-existing basin that had resulted from a com- 
bination of folding and subsequent erosion. In the isolated outcrops 
to the northeast, referred to above, the basal Cambrian rests uncon- 
formably upon both the middle and the upper Keweenawan series. In 
the broad area of outcrop of the Mt. Simon through eastern Wisconsin 
the Mt. Simon rests on all ages of pre-Cambrian rocks, from the 
Archean to the Keweenawan. 

The sequence of geologic events from the deposition of the Hinckley 
sandstone to the deposition of the Mt. Simon sandstone may be sum- 
marized, therefore, as follows: 


1. Deposition of the Oronto group of continental sediments on the 
middle Keweenawan eruptives, beginning with the Great and Outer 
Conglomerates, and terminating with the Amnicon red arkosic sand- 
stone. Extending southwestward in Minnesota the Amicon sandstone 
was deposited to form the basal portion of the Hinckley formation. 
During this period of deposition the Lake Superior geosyncline was 
forming, so that while these beds were being laid down essentially 
horizontally, the older Keweenawan lavas and lower sandstones were 
tilting toward the synclinal axis. 

2. Continued deposition of the red continental sediments in the 
slowly evolving basin formed the Bayfield group, overlying conform- 
ably the older Oronto group. In northeastern Minnesota the early 
stages of deposition resulted in the Orienta sandstone, which consti- 
tutes the upper portion of the Hinckley formation. Following this 
came the deposition of the Devils Island and the Chequamegon sand- 
stone in Wisconsin in the center of the basin. If they were deposited 
in Minnesota they have since been removed by erosion. 

3. Following the deposition of the uppermost Keweenawan now ex- 
posed, the Chequamegon formation, the folding and faulting of the 
basin continued with the development of thrust faults on both flanks 
of the syncline. On the northwest flank the middle Keweenawan lavas 
were thrust over the upper Keweenawan Amnicon and Orienta forma- 
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tions in northwest Wisconsin, and over the Hinckley formation in 
Minnesota. 

4. Contemporaneously with the thrust faulting of the upper Kewee- 
nawan, and continuing after the main development of the geosyncline, 
there was erosion of the elevated portions of the Keweenawan. Erosion 
began with the inauguration of tilting early in the Keweenawan, and 
as the folding progressed throughout the period the removal of beds 
probably kept pace with the tilting, so that by the time the upper- 
most Keweenawan was deposited in the center of the syncline, the 
already steeply dipping lower Keweenawan was exposed, as well as 
the underlying Huronian and Archean. This erosion continued after 
the final folding and thrust faulting, and moved inward toward the 
center of the syncline until a surface of rather moderate relief had 
been established throughout the whole of northern Wisconsin and 
northeastern Minnesota, that has been correctly described as the pre- 
Cambrian peneplane. This peneplane extended throughout the area 
of this report, leaving the youngest Keweenawan preserved only in 
the axis of the syncline, in the vicinity of Chequamegon Bay and the 
Apostle Islands. 

5. Following the establishment of this erosion surface, and separated 
from the period of deposition of the latest Keweenawan sediments by 
the time required for events 3 and 4, and from the period of deposition 
of the Hinckley sandstone by the time required for the deposition of 
the Devils Island and the Chequamegon sandstones as well as the fold- 
ing, thrust faulting, and subsequent erosion, the Upper Cambrian seas 
advanced over the eroded surface. The basal deposits, the Mt. Simon 
sandstone, were laid down on pre-Cambrian rocks varying in age from 
Archean to upper Keweenawan. 


The above sequence indicates clearly that the Mt. Simon cannot be 
correlated with the Hinckley sandstone of northeastern Minnesota, but 
is separated in age from the Hinckley by a long period of time. 

If the Hinckley sandstone of northeastern Minnesota and the Mt. 
Simon sandstone of the St. Croix River were the same age, it would 
be necessary to correlate the Devils Island and the Chequamegon with 
the fossiliferous Eau Claire beds and the younger beds of the Dresbach 
and Franconia formations of the St. Croixan series. This correlation 
could certainly not be accepted on the basis of structural relations of 
the upper Keweenawan and the St. Croixan series. 

There is a suggestion that this unconformity between the upper 
Keweenawan sandstone and the basal St. Croixan is represented not 
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only in this part of the Lake Superior region, but is also present to the 
east along the northern peninsula of Michigan. Thwaites ** believed 
it probable that the Jacobsville (Keweenawan) non-marine sandstone 
was separated by a structural and erosional unconformity from the 
Paleozoic sandstone overlying it. He quoted Hotchkiss in describing 
what was probably this unconformity on Grand Island, a short dis- 
tance northwest of Munising. Until further work is done in this region, 
however, nothing definite can be said regarding the relationship in the 
eastern area. 


RELATION OF HINCKLEY SANDSTONE TO UPPER RED CLASTICS 
OF DEEP WELLS 


The use of the term, “Hinckley,” by Stauffer and the Minnesota 
Geological Survey for the sandstone below the Eau Claire member of 
the Dresbach formation has been referred to above. Trowbridge and 
Atwater,®* however, correlated the deep well “Hinckley” of the Min- 
nesota geologists with the Mt. Simon of Wisconsin, and some of their 
evidence has been presented above. The Mt. Simon may be traced 
from its outcrops on the Willow and Apple rivers of Wisconsin, where 
it underlies the Eau Claire shale, to its occurrence in wells at Still- 
water, Minnesota, where it has a thickness of 238 feet, and at Hudson, 
Wisconsin, where its thickness is 247 feet. Because of abundant evi- 
dence of this type, the basal member of the St. Croixan series, the Mt. 
Simon sandstone, can be correlated with confidence with the so-called 
Hinckley (?) sandstone of Minnesota deep wells. 

It has been shown above that the Mt. Simon sandstone is much 
younger than the rocks exposed at Hinckley and along the Kettle 
River in northeastern Minnesota. The use of the term, “Hinckley,” 
for the sandstone that occurs below the Eau Claire member in south- 
eastern Minnesota, therefore, is inaccurate, and the term should be 
discarded for these beds. The term, Hinckley, should be applied only 
to the sandstones that crop out in the northeastern area. 

This correlation of the sandstone that occurs below the Eau Claire 
member in southeastern Minnesota with the basal St. Croixan sand- 
stone involves the placing of the Red Clastic-St. Croixan boundary at 
the base of the Mt. Simon sandstone, rather than above the Hinck- 
ley (?) (Mt. Simon) sandstone in Minnesota. 


*®F. T. Thwaites: Well logs in the northern peninsula of Michigan showing the Cambrian 
section, Mich. Acad. Sci., Arts, and Letters, vol. 19 (1984) p. 412-426. 

A. C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1984) p. 31-38. 
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It is possible that the Hinckley sandstone at Hinckley and nearby 
along the Kettle River is represented in the deep wells of Minnesota 
by the Red Clastic series. These upper Keweenawan sandstones, lying 
in the Lake Superior geosyncline, extend southward in the syncline 
under southeast Minnesota and into Iowa. It is impossible as yet, 
however, to know how much of the upper Keweenawan was removed 
by erosion before the St. Croixan seas transgressed into the basin, so 
that the precise horizon of the upper Keweenawan Red Clastics can- 
not be given. The abundance of red shale that occurs in the deep wells 
of southeastern Minnesota and Iowa, and the arkosic character of the 
sandstone, suggest that horizons even lower than the Bayfield underlie 
the Mt. Simon horizon in those areas. It is possible, however, that 
upper Keweenawan beds, higher than the Amnicon and Orienta for- 
mations, are preserved to the south in the center of the basin. In the 
light of the present knowledge it is, therefore, considered advisable to 
continue the use of the term, Red Clastics, for these buried Kewee- 
nawan sediments, and to restrict the term, Hinckley, to the region of 
outcrop, rather than apply it to Keweenawan beds whose age is un- 
certain. 

CONCLUSIONS 


It has been recognized by the Wisconsin Geological Survey and the 
United States Geological Survey that the sandstones along the south- 
west shore of Lake Superior are upper Keweenawan in age. To the 
south, in the St. Croix River region in west-central Wisconsin and east- 
central Minnesota, are exposed sandstones that comprise the type 
Upper Cambrian for North America. The belt of sandstone that crops 
out in Minnesota on the northwest side of the Douglas fault, extending 
from the region of the St. Croixan outcrops to the upper Keweenawan 
of the south shore of Lake Superior, has been correlated by different 
workers, both with Upper Cambrian and with upper Keweenawan beds, 
and the resulting confusion and lack of detailed work in this area have 
prevented the precise determination of the pre-Cambrian-Cambrian 
relationship. The results of the present study, and their relation to 
this major problem, may be summarized as follows: 


The sandstones that crop out in northeastern Minnesota, at Hinck- 
ley and along the Kettle River, can be correlated with the Amnicon 
formation of the Oronto group and the Orienta formation of the Bay- 
field group in Wisconsin, and are upper Keweenawan in age. Younger 
Keweenawan beds occur in the center of the Lake Superior geosyncline 
in northwestern Wisconsin. 
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The Mt. Simon sandstone, which forms the base of the Upper Cam- 
brian series in Wisconsin and Minnesota, is much younger than the 
Hinckley sandstone, as well as the overlying upper Keweenawan sand- 
stones, and is separated from them in age by a great structural and 
erosional unconformity. The term, Hinckley, should, therefore, be 
restricted to the sandstone that crops out in the northeastern part of 
Minnesota, and the term, Mt. Simon, should be applied to the sand- 
stone that underlies the Eau Claire member of the Dresbach formation 
in Wisconsin and Minnesota, and overlies the Red Clastic series of 
upper Keweenawan age in Minnesota. 

There has been an increasing tendency in recent years to follow Van 
Hise and Leith in considering that the upper Keweenawan non-marine 
sediments are in part the chronological equivalents of the Lower-Middle 
Cambrian marine deposits, and that there is no great structural or time 
break between the pre-Cambrian and the Cambrian in the Lake 
Superior and the upper Mississippi Valley regions. This interpreta- 
tion was accepted by Trowbridge and Atwater in 1934. Following the 
present investigation, however, the authors are forced to the conclusion 
that following the deposition of the latest Keweenawan sediments of 
which there is record, a long interval of time occurred, during which 
there was the final folding and thrust faulting of the upper Keweena- 
wan. This diastrophism was accompanied and, after its cessation, fol- 
lowed by a long period of erosion that beveled the folded pre-Cambrian 
and produced a widespread surface of relatively flat relief. It was not 
until all this had been accomplished that the marine Upper Cambrian 
seas invaded the area, occupying at first the basin formed by the com- 
bination of folding and erosion, and spreading out over the peneplaned 
surface on which was deposited the basal conglomeratic sandstones of 
the Mt. Simon. With the exception of minor relief features such as 
the Baraboo syncline, this old surface was essentially flat, and there 
was no great difference in elevation between the area underlain by the 
upper Keweenawan and the much harder Huronian and Archean series. 
This is indicated by the failure of the basal deposits to thicken greatly 
to the west in Minnesota, where the Mt. Simon overlies the Red Clastic 
series, and emphasizes the immense period of time during which this 
erosional surface developed irrespective of the underlying rock. 

Thus, while it is possible that somewhere to the south, buried under 
later deposits, are preserved the sediments formed during the period 
of erosion of the pre-Cambrian that preceded the marine invasion of 
the Cambrian seas, there is no evidence in Minnesota or Wisconsin of 
continued continental deposition up to the beginning of Upper Cam- 
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brian times. The evidence does support the belief that, separating the 
latest Keweenawan deposits from the earliest Upper Cambrian sedi- 
ments, there was a long erosional period that has been termed the 
Lipalian interval, and that the Keweenawan should be considered not 
only pre-Cambrian in type, as has been recognized by the United 
States Geological Survey, but also pre-Cambrian from the standpoint 
of geologic time. 
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INTRODUCTION 

The writers have long been concerned with the Cambrian stratig- 
raphy of Wisconsin and the Upper Mississippi Valley. Thwaites has 
studied the Wisconsin sequence for more than a quarter of a century, 
and his work on well cuttings, done under the auspices of the Wis- 
consin Geological and Natural History Survey, has contributed exten- 
sively to an understanding of the subsurface distribution of the Cam- 
brian strata. Raasch has been a close student of the Wisconsin 
Cambrian for over a decade, and Twenhofel has been interested in 
the sequence since 1916. All of the type sections of the formations 
and members have been studied by one or more of the writers. 

Conferences on the Cambrian sequence and nomenclature have been 
held with A. C. Trowbridge and G. I. Atwater, of the University of 
Iowa, and with Ira Edwards, of the Milwaukee Public Museum. 
These discussions have revealed a gratifying unanimity of opinion 
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among all these workers with respect to the sequence, and only minor 
differences with respect to nomenclature. 

The writers have prepared this article because their views on the 
stratigraphic succession and subdivisions of the Cambrian of the Upper 
Mississippi Valley are not in agreement with interpretations published 
by several writers during the past fifteen years. As some of these 
interpretations now appear in text books and correlation charts, it is 
more than timely that differences of opinion be recorded, lest the 
assumption be made that there is general acceptance of the published 
statements,’ particularly as the area is generally regarded as that of 
the type section of the Upper Cambrian of North America.? 

Acknowledgments are due Professor Trowbridge and Dr. Atwater 
for the privilege of reading, in advance of publication, their manu- 
script on “Stratigraphic problems in the Upper Mississippi Valley,” * 
and also to Dr. Edwards, with whom Raasch has been associated for 
a number of years, and to whom he is indebted for many field obser- 
vations and for the privilege of examining the extensive fossil collec- 
tions of the Milwaukee Public Museum.* 

The necessarily generalized considerations of the various strati- 
graphic units are supplemented by appended specific sections and by 
a cross-section (Pl. 151) showing thickness and lithology of the Cam- 
brian formations along a northwest-southeast line extending from the 
vicinity of Minneapolis, Minnesota, to Racine, Wisconsin. The sec- 
tions represent the combined observations of the three authors. 
Twenhofel is mainly responsible for the discussion relating to the 
environment, Thwaites for the subsurface information, and Raasch 
for the faunal data. All three authors have checked the different parts 
of the paper and, except where otherwise stated, are in accord with 
respect to the sequence of the strata, their lateral distribution, and 
the interpretation of the faunas and environment. 


12 An example in a recent publication is that of Shimer [H. W. Shimer: Correlation chart of 
geologic formations of North America, Geol. Soc. Am., Bull., vol. 45 (1934) pl. 118], who shows 
the Mendota dolomite above the formation of which it is the base, and the Devils Lake, which the 
writers do not consider a formation, in a position far above where its different components are 
known to lie. Another similar error is contained in J. B. Reeside, Jr.: Stratigraphic nomenclature 
in the United States, 16th Inter. Geol. Congr. Guidebook 29 (1932) pl. 1 (prepared by C. E. Resser 
and Josiah Bridge). 

2C. E. Resser: Preliminary generalized Cambrian time scale, Geol. Soc. Am., Bull., vol. 44 
(1933) p. 785-756. 

8A. C. Trowbridge and G. I. Atwater: Stratigraphic problems in the Upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 21-80. 

*E. O. Ulrich and C. E. Resser: The Cambrian of the Upper Mississippi Valley, Part I, 
Trilobita; Dikelocephaline and Osceoline, Milwaukee Pub. Mus., Bull., vol. 12, no. 1 (1930); 
Part II, Trilobita; Saukiinae, no. 2 (1933). 

Rudolph Ruedemann: The Cambrian of the Upper Mississippi Valley, Part III, Graptolitoidea, 
Milwaukee Pub. Mus., Bull., no. 3 (1933). 
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GENERAL CONSIDERATIONS OF THE CAMBRIAN SEQUENCE 


The proven Cambrian strata of the Upper Mississippi Valley belong 
entirely to the Upper Cambrian, or the Croixian, series. They are 
largely composed of sandstones. Much of the so-called “shale” is 
thinly laminated siltstone or fine-grained dolomitic sandstone in which 
clay minerals are not abundant. There are, however, clay shale beds, 
mostly thin, in the lower part of the sequence. Dolomite beds are 
present, particularly in the lower part of the Trempealeau formation, 
and to some extent in the Franconia. There is more or less carbonate 
cement in many of the sandstones. 

Parts of the Cambrian sequence are without fossils, and many beds 
contain very few, although some beds seemingly without fossils contain 
finely divided shell matter that is visible only under the microscope. 

The writers interpret the Cambrian sequence of the Upper Missis- 
sippi Valley as continuous and without major unconformity. Such 
stratigraphic breaks as are present are thought to be of the order of 
diastems. The writers divide the sequence into three formations, 
which, with their respective member subdivisions, are arranged in 
descending order as follows: 

Croixian series 
Trempealeau formation 
Madison member 
Jordan member 
Lodi member 
St. Lawrence member 


Basal greensand and conglomerate member (combined with St. 
Lawrence in Plate 151) 
Franconia formation 
Bad Axe member (Dikelocephalus postrectus zone) 
Hudson member (Ptychaspis-Prosaukia zone) 
Goodenough member (Conaspis zone) 
Ironton member (Camaraspis zone) 
Dresbach formation 
Galesville member 
Eau Claire member 
Crepicephalus zone 
Cedaria zone 
Mt. Simon member 


The writers have attempted to draw the formational boundaries at 
places of consistent and rather decided faunal and sedimentary 


5 The Madison member, as herein restricted, has been given formational rank by some writers. 
Two of the present writers feel that existing data indicate that it is no more than a member of the 
Trempealeau formation, and all are agreed that such an assignment is the more convenient in the 
absence of conclusive evidence to the contrary. They are also agreed that it is a part of the 
Cambrian. 
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changes. The significance of these changes is speculative, but opinions 
respecting significance do not affect the usefulness as formational 
boundaries. The different members, on the other hand, in many 
places are not sharply separated from each other on the basis of 
lithologic changes, and these minor subdivisions are to some extent 
a matter of personal opinion. Where lithologic and faunal characters 
are not mutually coincident, the latter have been considered decisive. 
Figure 1 shows the history of nomenclature of the formations. 


DRESBACH FORMATION 
GENERAL CONSIDERATIONS 


The term, Dresbach, was first employed in 1886 by N. H. Winchell,® 
for sandstones quarried on the Mississippi River at Dresbach, Minne- 
sota. These beds are characterized by an assemblage of trilobites 
of which many species belong to the genus Crepicephalus, and on this 
account they are designated on later pages as the Crepicephalus zone. 
In later publications of the Minnesota Geological Survey the scope 
of the term, Dresbach, was extended to include both lower and higher 
strata. In 1882, Wooster’ applied the term, Eau Claire Trilobite Beds, 
to strata exposed at Eau Claire, Wisconsin, which lie below the sand- 
stones exposed at Dresbach, Minnesota. These strata, so designated, 
are characterized faunally by the trilobite genus Cedaria, and on later 
pages on this account they are termed the Cedaria zone. 

In 1914 and subsequently, Ulrich® combined the Crepicephalus and 
Cedaria zones in his Eau Claire formation and applied the term, Dres- 
bach, to the unfossiliferous sandstones between the Crepicephalus zone 
and the base of the overlying Franconia. These strata are extremely 
poorly exposed at Dresbach, Minnesota. To use the term in this sense 
seems contrary to the rules of stratigraphic nomenclature since 
Winchell clearly originally applied it to the beds included in the 
Crepicephalus zone. The writers prefer to follow Trowbridge and 
Atwater® in redefining the term, Dresbach, for the entire formational 
sequence from the base of the Mt. Simon sandstones to the base of 
the Franconia, as this extension of the term seems wiser than to trans- 
fer it from one group of strata to another. 


@N. H. Winchell: Revision of the stratigraphy of the Cambrian in Minnesota, Minn. Geol. and 
Nat. Hist. Survey, 14th Ann. Rept. (1886) p. 325-337. 

7L. C. Wooster: Geology of the Lower St. Croix District in Geology of Wisconsin, vol. 4 (1882) 
p. 109. 

8E. O. Ulrich in C. D. Walcott: Cambrian geology and paleontology, Smithsonian Mise. Coll., 
vol. 57 (1914) p. 354. 

® A.C. Trowbridge and G. I. Atwater: op. cit., p. 38-45. 

J. M. Wannenmacher, W. H. Twenhofel, and G. O. Raasch: The Paleozoic strata of the 

Baraboo area, Wisconsin, Am. Jour. Sci., vol. 28 (1934) p. 1-80. 
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The Dresbach formation is divisible on the basis of lithology and 
fossils into three members, of which the top and bottom ones are com- 
posed of rather coarse-grained, thick-bedded, cross-laminated sand- 
stones, which, except for occasional “tracks,” are unfossiliferous. Over 
much of the region of the Upper Mississippi Valley these two members 
are separated by finer-grained, thin-bedded, fossiliferous sandstones 
and siltstones, in which locally there are thin units of shale. This 
middle member is divisible on faunal grounds into two zones. Where 
the lithology and faunas characteristic of the middle member are not 
developed, separation of the Dresbach formation into three members 
cannot readily be made. 

MT. SIMON MEMBER 


The Mt. Simon member, named by Ulrich,”® from a bluff near Eau 
Claire, Wisconsin, is the equivalent of the “Eau Claire Grits,” of 
Wooster." 

The Mt. Simon rests unconformably on the pre-Cambrian crystal- 
lines or in some subsurface occurrences on red sandstones of unknown 
age generally known as the Red Clastic Series.‘? Lithologically there 
is no sharp separation between the Eau Claire and the Mt. Simon 
members, and it is only on the basis of the presence of fossils in the 
former and their absence in the latter that the two members can be sep- 
arated with certainty. In subsurface sections the horizon can be drawn 
approximately at the top of the highest clean, medium-grained sand- 
stone. As the Eau Claire lithology is not developed and its fossils are 
wanting in central and northeastern Wisconsin, sandstones of Mt. 
Simon and Galesville aspect compose the formation from top to bottom. 

The Mt. Simon member is composed of sandstone ranging from 
medium to very coarse grain. Locally there are conglomerates com- 
posed of quartz pebbles and lenticular beds of gray, pink, and red 
shale. Silty lamine are characteristically present near the base. Beds 
are generally thick, and in outcrop the appearance is massive. Both 
large- and small-scale cross-lamination is present, the latter prevalent 
throughout and the former near the base. Colors range from white 
through yellow to brown, and locally from pink to deep red. The 
member is about 200 feet thick at the type locality, but this thickness 


10 FE. O. Ulrich: op. cit., p. 354. 
11L. C. Wooster: op. cit., p. 109. 
13C, R. Stauffer: Age of the red clastic series of Minnesota, Geol. Soc. Am., Bull., vol. 38 (1927) 
p. 469-478. 
F. T. Thwaites: Buried Pre-Cambrian of Wisconsin, Geol. Soc. Am., Bull., vol. 42 (1931) 
p. 740-742. 
The red shaly sandstones under the light-colored Cambrian at Stillwater, Minnesota, may not 
be the same as the pink sandstone found farther south. 
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is greatly exceeded in some subsurface occurrences, particularly in 
southeastern Wisconsin (Pl. 151). 

The Mt. Simon sandstones are generally without fossils; however, 
at five localities—Rock Hill near Camp Douglas, Lemonweir, Key- 
stone Mound in Adams County, Mosquito Mound in Wood County, 
and Roaring Creek below Black River Falls **—conspicuous trails of 
three varieties have been found. Two of these were described by 
Chamberlin** as Climactichnites fosteri and C. youngi; the third is a 
species of Protichnites. The trails at each place have been found 
about 150 feet below the top of the Dresbach formation along a single 
bedding plane, covered, in some localities, with asymmetrical ripple 
marks. 

EAU CLAIRE MEMBER 

General description—The Eau Claire member coincides with the 
“Eau Claire shales” of Ulrich*® and includes the “Eau Claire Trilobite 
Beds” of Wooster.** The member may be separated into two zones 
on the basis of the contained fossils. The lower zone is designated 
the Cedaria zone and the upper the Crepicephalus zone. 

The subsurface extension of the Eau Claire member in southern Wis- 
consin consists of fine- to rather coarse-grained sandstones, of which 
almost all are dolomitic. Glauconite is present in many beds. Colors 
range from white to gray with some pink to red, and lenticular beds 
of red and greenish-gray dolomitic shale are present. The thickness 
averages about 250 feet. 


Cedaria zone.—The Cedaria zone has its base at the first appearance 
of fossils other than the trails already noted. The upper limit is placed 
at the horizon of the well-marked faunal change from the Cedaria to 
the Crepicephalus fauna. 

The Cedaria zone consists of medium-grained sandstones interbedded 
with fine-grained sandstones and siltstones, with occasional bands, 
beds, and lamine containing clay minerals. Mud-crack layers are 
present in the vicinity of Eau Claire. The sands are dominantly 
quartz. Eastward the shaly lithology passes laterally into beds of the 
Mt. Simon-Galesville lithology, and the fossils disappear in the same 
direction. The maximum thickness of the Cedaria zone does not 
greatly exceed 50 feet. 


18 The data relating to the Roaring Creek locality were kindly supplied by Ira Edwards. Prob- 
ably this is the same locality as that reported in 1857 by Edward Daniels in James Hall: On a 
new crustacean from the Potsdam sandstone, Canadian Nat. and Geol., vol. 7 (1862) p. 443. 

44 T. C. Chamberlin: Geology of Wisconsin, vol. 1 (1883) p. 131-133. 

1% EK. O. Ulrich: op. cit., p. 354. 

1%*6L. C. Wooster: op. cit., p. 109. 
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Fossils are generally common in the Cedaria zone, but the distribu- 
tion is sporadic, and many layers are practically barren. Oboloid 
brachiopods and the dismembered carapaces of trilobites constitute 
most of the fossils. Probably most of the organic matter arrived at 
the places of deposition after more or less transportation, and the 
shells and fragments of shells were washed together in the same man- 
ner as are similar aggregations of organic matter on sand areas of the 
present sea bottom. The assemblages are those of a thanatoccenose 
and not a bioccenose. 

The common fossils restricted to the Cedaria zone include Cedaria 
woosteri, Menomonia calymenoides, Norwoodia quadrata, N. ef. sim- 
plex, Coosia onusta, a new species of Lonchocephalus, Obolus namouna, 
O. rhea, Lingulella cf. quadrilateralis, and Lingulepis cf. acuminata. 
The only species found both in this zone and in the succeeding is 
Hyolithes primordialis. Two trilobite genera, Coosia and Loncho- 
cephalus, are present in both the Cedaria and the Crepicephalus zones, 
but no trilobite species are known to be common to the two zones. 
Merostome fragments are widespread and locally common. 


Crepicephalus zone—The Crepicephalus zone consists mainly of 
thin-bedded sandstones which are similar to the sandstones of the 
Cedaria zone, but thick-bedded sandstones are locally prominent, and 
this is the case at the type exposure of the Dresbach formation. The 
sandstones at that place show considerable low-angle cross-lamination, 
which on weathering breaks up into separate lamine, resulting in a 
deceptive appearance of thin-bedding. Quartz is the dominant min- 
eral, but glauconite is locally common. Colors range from white 
through yellow to brown, and some of the siltstones are red or green. 
The maximum thickness of the zone is not known to exceed 75 feet. 

The Crepicephalus zone is generally fossiliferous, and whereas some 
beds are crowded with organic matter, others may be practically bar- 
ren. As a fossiliferous unit, the Crepicephalus zone does not persist 
to the east so far as the Cedaria zone. It is considered probable, how- 
ever, that barren strata equivalent to the fossiliferous beds are present 
in the Dresbach succession in central and eastern Wisconsin. 

The Crepicephalus fauna contains many species, of which few range 
throughout the zone. Genera restricted to the zone are Crepicephalus 
(at least six species), Armonia (four species), Dresbachia (one spe- 
cies), the so-called “Pagodia” (two species), Maryvillia, Paracrepi- 
cephalus, and Pemphigaspis. Genera of longer range but with species 
restricted to this zone are Lonchocephalus, Coosia, and Proagnostus. 
A Pelagiella, Palaeacmaea, and the common Hyolithes primordialis 
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represent the gastropods. Brachiopods confined to the Crepicephalus 
zone are Lingulella ampla, L. phaon, Dicellomus politus, Obolus mati- 
nalis, Lingulepis pinnaformis, and several undescribed atremate forms. 
As previously noted, only one species, Hyolithes primordialis, is com- 
mon to the Cedaria and the Crepicephalus zones. 

Near North Hudson, a distinct fauna, characterized by the trilobite 
genus Aphelaspis Resser, intervenes between the Crepicephalus beds 
and those containing the Ironton oboloids. In addition, there are 
undescribed species of Lingulella and Acrotreta. The fauna is particu- 
larly important as it has been recognized in a number of relatively 
remote areas of the United States. The occurrence was called to the 
attention of Raasch by A. C. Trowbridge. 


GALESVILLE MEMBER 


The top unfossiliferous sandstones of the Dresbach formation of 
Winchell are poorly exposed at Dresbach, and the name, Galesville, 
was proposed by Trowbridge and Atwater?’ to designate the type 
section, which is exposed in the cliffs at Galesville, Wisconsin. In the 
usage of the present paper, the Galesville member corresponds to the 
Dresbach as that term has been used by Ulrich,* which, it should 
be noted, was not the original usage. 

The lower limit of the Galesville member is placed just above the 
horizon of disappearance of the fossils of the Crepicephalus fauna. 
There does not seem to be any definite evidence of physical change 
at this boundary. In the subsurface it is placed at the top of the 
highest shaly, dolomitic, or fine-grained sandstones. Eastward, where 
the fossiliferous strata disappear, no satisfactory lower limit for the 
Galesville has been determined, and perhaps none is possible. With 
respect to the top limit of the formation there is some difference of 
opinion. Edwards, Raasch, and Thwaites place the summit at the 
horizon of change from the massive, medium-grained, fairly well sorted 
sandstones of the typical Galesville to overlying coarser and more 
poorly sorted strata. Twenhofel, following Trowbridge and Atwater, 
considers that these poorly sorted sediments represent an interval 
transitional from the Dresbach to the Franconia, and that the bound- 
ary, if no erosion plane is determinable, is somewhere in these transi- 
tion strata. He prefers to place the summit of the Galesville just 
below the first appearance of fossils and (or) glauconite, although he 
admits that some of the strata thus included in the Galesville may 
belong to the overlying Ironton. In many sections the two criteria 


17 A. C. Trowbridge and G. I. Atwater: op. cit., p. 45. 
1% E. O. Ulrich: op. cit., p. 354. 
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place the top of the Galesville at the same level. At other places a 
considerable thickness of unfossiliferous, coarse-grained, poorly sorted 
sandstones separates the two proposed boundaries. Difference of 
opinion has no bearing on the sequence. In subsurface work, the 
horizon of change of texture is the more convenient boundary. 

As a rule, the Galesville is a medium-grained, rather well sorted, 
massive-bedded, cross-laminated sandstone. By definition it is free 
from glauconite or fossils. The cross-lamination ranges from small 
to large scale, the latter in some cases with horizontal components of 
more than 25 feet and vertical of more than 10 feet. Most of the 
cross-lamination is certainly of aqueous origin, but there are local 
occurrences which have every indication of eolian origin. Colors are 
generally white to yellow and locally brown to red. The maximum 
thickness that can be assigned to the Galesville is not known to exceed 
75 feet. Greater thicknesses which have been reported are believed 
to include parts of the Eau Claire member. 

Throughout much of the area of outcrop the Galesville is a cliff- 
maker, with the top of the cliff held up by the relatively resistant beds 
near the base of the Franconia formation. 


FRANCONIA FORMATION 
GENERAL CONSIDERATIONS 


The Franconia formation was named by Berkey,’® from Franconia, 
Minnesota, where cliffs along Lawrence Creek expose about 100 feet 
of strata assigned thereto. Upper members of the formation are not 
exposed at the type locality. As the writers use the term, the Fran- 
conia formation includes all strata between the Galesville member of 
the Dresbach formation and the basal conglomerate of the Trem- 
pealeau (PI. 151). 

The most conspicuous characteristic of the Franconia formation is 
the presence of glauconite. Throughout the major portion of the for- 
mation the mineral makes up less than one per cent of the total, and 
ordinarily it is less than 20 per cent. In a few exceptional, thin layers 
it exceeds 80 per cent. Where present in abundance, this mineral im- 
parts a greenish color to the rock, and in some exposures it decom- 
poses into iron oxide which colors the strata brown or red. Beds with 
little or no glauconite are white to yellowish-gray. Locally, as east 
of Madison and at Table Rock east of Friendship, the upper part of 
the formation is a deep red. 


*C. P. Berkey: Geology of the St. Croiz Dalles, Am. Geol., vol. 20 (1897) p. 377. 
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In addition to quartz and glauconite, many beds contain much dolo- 
mite, which varies in quantity both laterally and vertically. In the 
subsurface, the entire formation is firmly cemented with dolomite and 
is often logged by well-drillers as “lime” or “sandy lime.” The Fran- 
conia formation is a valuable marker in subsurface correlation because 
it is easily recognized by its content of glauconite. 

Near the base of the Franconia formation, calcite and dolomite are 
particularly abundant. Over a considerable area between Green Lake 
and the Wisconsin River south of the Baraboo Bluffs, zones of yellow- 
ish-gray dolomite at this horizon have been mistaken by some for a 
part of the Trempealeau formation. 

Thin conglomerate lenses, composed of flat pebbles derived from the 
immediately underlying strata, occur at various horizons and extend 
over considerable areas, as, for example, the conglomerate above the 
Eoorthis beds in the La Crosse region. 

Beds are generally thin, and lamination, where not destroyed by 
burrowing organisms, is a rather marked feature. Small-scale cross- 
lamination is conspicuously present; current ripple-marking is com- 
mon; and mud-crack layers are present over a large area, as in Monroe 
County. 

Fossils are of general occurrence in the formation, particularly 
oboloid and orthoid brachiopods and the dismembered carapaces of 
trilobites. Burrows are conspicuous, and some beds have been so 
thoroughly worked over that all traces of stratification have been 
eliminated and all organic remains have been reduced to microscopic 
dimensions. Essentially all fossils underwent some transportation 
before deposition, and the places of burial may not have been the 
places of life. 

The Franconia formation above the basal member has rather uni- 
form thickness, ranging in most sections between 120 and 130 feet. 
Sections 170 feet thick have been measured in the Tomah-Sparta area. 
A thickness averaging 60 feet is found in the Baraboo basin, and as 
little as 50 feet exists in eastern Wisconsin. 

The Franconia may be subdivided into four members, which, in 
ascending order, are the Ironton, the Goodenough, the Hudson, and 
the Bad Axe. 

IRONTON MEMBER 

The lowest member of the Franconia, the Ironton, was named by 

Ulrich,”® from the village of that name in Sauk County, Wisconsin. 


®E. O. Ulrich: Notes on new names in the table of formations and the physical evidence of 
breaks between Paleozoic systems in Wisconsin, Wis. Acad. Sci., Tr., vol. 21 (1924) p. 93-94. 
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The writers consider the Ironton to represent the initial deposits of 
Franconia waters. The composing materials seem largely to have 
been derived from the Galesville sandstones, but there were probably 
some contributions from the lands of the time. 

In many exposures the base of the Ironton is difficultly determinable, 
and in such cases the most satisfactory practice for location of what 
may be the base of the member is just below the horizon of lowest 
fossils and (or) glauconite. When such a practice is followed, the 
member has a thickness ranging from 3 to 15 feet. Raasch, however, 
has collected Ironton brachiopods in the La Crosse area, 40 feet below 
the top of the member, thus assuring that figure as a possible maximum 
thickness. The member thins in central Wisconsin to a minimum of 
8 feet. It is absent in the Baraboo basin and for a short distance 
south therefrom. This absence may be due to erosion before deposition 
of the succeeding member, or it may be due to the same factors that 
cause local lack of deposition on shores and shallow bottoms of exist- 
ing seas. The member may commonly be distinguished in well sam- 
ples, but in a few places this has not been possible. 

The Ironton, near the base, is ordinarily composed of coarse-grained, 
poorly sorted sands. The grain size becomes smaller and the sorting 
progressively better toward the top. Quartz is the dominant mineral. 
Glauconite is invariably present, particularly in the upper beds. The 
color is light gray, which locally may be changed to yellow or brown 
by secondary agencies. Beds tend to be thick, and those containing 
fossils are commonly firm and much perforated by burrows. These 
were designated “wormstones” by Twenhofel and Thwaites” in their 
study of the geology of the Tomah and Sparta quadrangles, and erro- 
neously referred to the Dresbach as thet term was used by them. 
Locally the top strata of the Ironton are cemented by calcite, and 
such cementation continues into the basal strata of the Goodenough 
member. Fossils are generally common in the Ironton, and extremely 
abundant in some beds. 

In Adams, eastern Juneau, and northwestern Sauk counties, fine- 
grained, micaceous sandstones and siltstones that contain fossils, 
designated the Irvingella major faunal assemblage, overlie the Iron- 
ton with its typical fauna and lithology. The fossils indicate a closer 
relationship to the Ironton than to the overlying Goodenough, but the 
lithology is that of the basal Goodenough. The writers for the present 
defer commitment as to which member these strata should be assigned. 


21W. H. Twenhofel and F. T. Thwaites: The Paleozoic section of the Tomah and Sparta 
quadrangles, Wisconsin, Jour. Geol., vol. 27 (1919) p. 622. ‘ 
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GOODENOUGH MEMBER 


General description —The term, Goodenough Member, is proposed 
by the writers for that portion of the Franconia bearing the Conaspis 
fauna. Its discrimination is based primarily upon faunal criteria. 
The type locality, Goodenough Hill, lies in southern Juneau County, 
between Elroy and Mauston (Pl. 151). 

The Goodenough member may be differentiated on a basis of lithol- 
ogy into three units, which in ascending order are (1) the Calcareous, 
(2) the Micaceous Shale, and (3) the Lower Greensand. These are 
typically exposed over the Tomah-Sparta area, where they were de- 
fined by Twenhofel and Thwaites.2_ The lateral equivalents of these 
subdivisions exhibit a somewhat varied lithology, and the names are 
not applicable in many areas. 


Calcareous unit—The Ironton member is immediately overlain in 
many sections by calcareous strata ranging in thickness up to about 
4 feet. In those places where the upper part of the Ironton is also 
calcareous, the plane of division between the two units is not readily 
determinable on the basis of lithology but is readily drawn if fossils 
are obtainable. The materials of the Calcareous unit consist of cal- 
cite, quartz, glauconite, and, locally, hematite, or limonite. In some 
places, the zone contains little sand and is a glauconitic limestone, but 
generally the calcite occurs as disseminated grains in a glauconitic 
sandstone. Fossils are locally common. 


Micaceous Shale unit. —Over much of Wisconsin, the second unit of 
the Goodenough member consists of micaceous, fine-grained, thin- 
bedded, and rather evenly bedded sandstones and siltstones commonly 
designated the Micaceous Shale. There are similar strata containing 
mica at other levels in the Franconia, but their différentiation seldom 
presents difficulty. The Micaceous Shale causes a prominent spring 
line. 

Clay minerals apparently are absent from these strata, and the 
shaly aspect is mainly due to the fine-grained character of the quartz 
of which the beds are largely composed. Glauconite invariably is 
present, and detrital flakes of muscovite more or less abundantly cover 
the bedding planes. Some beds of the zone are evenly laminated; 
others have a minutely lenticular cross-lamination. Colors generally 
range between gray and yellow, but the siltstones in some cases are 
greenish or purplish gray. Fossils are common in many beds. The 
maximum thickness is about 15 feet. In central Wisconsin the horizon 


2 W. H. Twenhofel and F. T. Thwaites: op. cit., p. 623-626. 
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of the Micaceous Shale is occupied by coarser sandstones with little 
silt. 


Lower Greensand unit—Overlying the Micaceous Shale is a succes- 
sion that differs widely in different areas. In the region of the Tomah 
and Sparta quadrangles, these strata are rather highly glauconitic 
sandstones, which are designated the Lower Greensands in contrast to 
the greensand sequence present at the top of the Franconia formation. 

The Lower Greensand consists of horizontally and cross-laminated, 
glauconitic sandstones, alternating with thicker beds of non-laminated, 
glauconitic sandstones which are irregularly mottled by areas of blue 
or yellow silt. These non-laminated beds are believed to have acquired 
this character through the activity of burrowing organisms. Many 
layers are current ripple marked, and mud cracks are present over 
large areas. Some beds contain dolomite. The thickness in the 
Tomah-Sparta area is about 40 feet. 

Fossils may be common in the clean, laminated beds, but are gen- 
erally absent from the organically reworked layers. Finely commi- 
nuted organic matter, however, is present in nearly every bed. 

In central Wisconsin east of the Wisconsin River, the Lower Green- 
sand horizon consists of light-colored, relatively coarse sandstones that 
contain little glauconite and show intricately cross-laminated stratifi- 
cation. The strata tend to be thick, and many are perforated by 


burrows. 
HUDSON MEMBER 


The term, Hudson member, is an adaptation of Wooster’s “Hudson 
Trilobite Bed”** which lies near the base of the proposed member. 
The discrimination of the member is based largely on faunal criteria, 
since it coincides with the extent of the Ptychaspis-Prosaukia fauna 
discussed later in this paper. Lithologically, it is characterized by a 
high degree of lateral variation. 

The Hudson section and the typical exposure of Wooster’s Hudson 
Trilobite Bed are cited among the appended sections. The faunule of 
his division L, as re-identified by the writers, is that particularly 
designated as “Hudson” by Wooster (Section 27 of Plate 151). 

Overlying the Lower Greensand of the Goodenough Member in 
Monroe County are 40 to 50 feet of thick-bedded, fine-grained, flour- 
like, poorly cemented yellow sandstones that contain little glauconite. 
No fossils were observed in this member in the Tomah and Sparta 
areas. In central Wisconsin, light-colored sandstones occupy the 
stratigraphic position of this Hudson unit. South of the Baraboo 


21. C. Wooster: op. cit., p. 109. 
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Range, in the Wisconsin Valley, this horizon is represented by yellow 
to brown, more or less glauconitic sandstones, which are distinctly 
dolomitic and which also contain dolomitic siltstone lenses. The 
equivalent strata along the Mississippi River are highly glauconitic 
sandstones. 

Upper beds of this member in various parts of Wisconsin, notably 
in the central area, contain the fauna which Ulrich* assigned to his 
proposed Mazomanie formation, but which the writers designate the 
Prosaukia subfaunal zone. The lower part of the member contains the 
Ptychaspis subfauna. 

In a region around Baraboo a fauna near the top of this member 
has been assigned by Ulrich®® to his proposed Devils Lake formation 
which he placed at the base of the Ozarkian system in Wisconsin. 
This proposed formation was described by Thwaites”* on the respon- 
sibility of Ulrich, but it could not be placed in the stratigraphic section 
except on the testimony of the fossils. Later work by Wanenmacher, 
Twenhofel, and Raasch 2’ shows that the strata of most of the localities 
of the Devils Lake fauna underlie the Upper Greensand member of the 
Franconia formation. At two localities a different and higher fauna 
was apparently confused with that from the Franconia, and at one of 
these (SE 44 SW % Sec. 10, T 12N, R 5E.) it is definitely known that 
the strata are high in the Trempealeau formation. The writers under- 
stand that Ulrich has recently altered his views in regard to the sup- 
posed Devils Lake formation and faunas. 


BAD AXE MEMBER 


The term, Bad Axe, is derived from the valley of that name in 
western Wisconsin, where there are a number of good sections of the 
member (Section 19 of Plate 151). 


% The Mazomanie formation was named by Ulrich from the village of that name on the Wis- 
consin River, near which the strata are exposed in a conspicuous cliff. He postulated that the 
Franconia strata of his definition were deposited in a sea invading from the west. This sea was 
assumed to have retreated after having reached the central part of the State. The land then 
tilted to the east, permitting the Mazomanie waters to enter and deposit sediments overlapping the 
Franconia. He stated [E. O. Ulrich: Major causes of land and sea oscillations, Washington Acad. 
Sci., Jour., vol. 10 (1920) p. 73-75] that he had found clear evidence of this overlap in the Wisconsin 
Valley, in the thinning to disappearance of the Mazomanie on the east side of the arch. He further 
stated, and showed in his figure 3, that on the top of the arch the Trempealeau (then termed St. 
Lawrence) rests directly on the Dresbach. This error was due to mistaken correlation of the 
calcareous zone of the basal Franconia with the St. Lawrence member of the Trempealeau. Noth- 
ing of the kind described by Ulrich exists; his Mazomanie continues westward to the Mississippi 
River and beyond, and his Franconia continues eastward over the arch with undiminished thick- 
ness. The writers do not consider the Mazomanie to merit the rank of a formation but to be 
little more than a minor subdivision of the Franconia formation. 

KE. O. Ulrich: op. cit. (1920) fig. 3, p. 74. 

%F. T. Thwaites: The Paleozoic rocks found in deep wells in Wisconsin and northern Illinois, 
Jour. Geol., vol. 31 (1923) p. 546. 

27 J. M. Wannenmacher, W. H. Twenhofel, and G. O. Raasch: The Paleozoic strata of the 
Baraboo area, Wisconsin, Am. Jour. Sci., 5th ser., vol. 28 (1934) p. 1-30. 
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The Bad Axe member is the highest division of the Franconia for- 
mation. The strata consist of friable sandstones, generally gray to 
greenish-gray. Occasional layers of yellow sandstone occur locally, 
and there are also lenticular layers of dolomitic yellow siltstone. 
Cross-lamination is present but not conspicuous. Fossils are few and 
are rarely well preserved, but good collections have been made at 
Bean’s Quarry near Tunnel City, near Muscoda, near Kendall, and 
in western Vernon County. In numerous instances the beds seem to 
have been thoroughly worked over by burrowing organisms, with con- 
sequent destruction of all lamination and of macroscopic organic mat- 
ter. The thickness ranges between 20 and 50 feet. 


FRANCONIA FAUNAS 


General statement.—The Franconia formation is characterized by 
many species of fossils, of which most have a limited vertical range and 
a rather wide lateral distribution. The limited vertical ranges permit 
subdivision of the faunas into numerous minor assemblages, which may 
be grouped into four major units, corresponding to the four members 
of the formation. These, in ascending order, are Ironton, Conaspis, 
Ptychaspis-Prosaukia, and Dikelocephalus postrectus faunas. 


Ironton fauna.—The Ironton fauna includes one subfauna of wide 
distribution and perhaps a second of more local distribution. The 
former is characterized by an abundance of the trilobite Camaraspis 
and of oboloid brachiopods; hence, it is named the Camaraspis-oboloid 
subfauna. In addition to Camaraspis converus, the assemblage in- 
cludes at least a dozen other trilobite genera, mostly undescribed, but 
including Housia, Elvinia, Irvingella, and Burnetia. Among brachio- 
pods there are new species of Lingulepis and Obolus, and a Linarrso- 
nella, probably L. girtyi Walcott. The gastropods Hypseloconus and 
Pelagiella are locally common. In central and western Wisconsin, 
Camaraspis convexus is present in great numbers and brachiopods are 
virtually absent; whereas in the Chippewa and St. Croix areas, trilo- 
bites are not known and brachiopods are abundant. The strata of the 
intervening areas have both trilobites and brachiopods. In the vicinity 
of La Crosse, where the fossil evidence shows the Ironton to be thick, 
there is a zone near the base, carrying brachiopods, then a barren zone 
about 30 feet thick, and at the top the strata containing the typical 
Ironton assemblage. 

As previously noted, in central Wisconsin above the Camaraspis 
beds, there are strata having the Micaceous Shale lithology, but carry- 
ing a fauna in which are Irvingella major, three undescribed trilobite 
genera, and new species of Lingulepis, Huenella, Paterina (Micro- 
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mitra), and Hyolithes. These indicate some faunal relationship with 
the Camaraspis assemblage, but none with the overlying Conaspis. 
This assemblage is designated the Irvingella major fauna, and com- 
mitment is deferred as to whether it should be placed with the Good- 
enough or the Ironton member. The fossils range through a maximum 
of about 15 feet of strata. 


Conaspis fauna (Goodenough member).—The Conaspis fauna char- 
acterizes the Goodenough member. It is notable for the great number 
of species and relatively few genera which it contains. Most charac- 
teristic is Conaspis, but Wilbernia is common in the upper beds, and 
species of agnostids are of limited occurrence. The abundant Eoorthis 
lends its name to the lower division of the fauna, which is designated 
the Eoorthis subfauna. Immediately above the latter, Billingsella, 
not previously present, appears in great numbers, and Eoorthis vir- 
tually disappears. Accordingly, the upper division is designated the 
Billingsella subfauna. Other orthoids, including Otusia, and the 
pentameroid, Huenella, have restricted vertical and horizontal ranges, 
and the same is true of Obolus, Dicellomus, and Acrotreta. Species of 
Lingulella are common, and the gastropod Pelagiella is represented 
by several species. Crinoidal remains are present more or less through- 
out. The species of the Conaspis zone are largely undescribed. 

_ The Conaspis fauna generally ranges through less than 60 feet of 
strata, except near Taylors Falls, Minnesota, where 98 feet have been 
measured. 


Ptychaspis-Prosaukia fauna (Hudson member).—The Ptychaspis- 
Prosaukia assemblage includes the Mazomanie fauna of Ulrich, plus 
several faunules which he placed in the underlying Franconia of his 
usage. The fauna may range through 60 feet. 

The Ptychaspis-Prosaukia fauna abruptly succeeds the Conaspis, 
and is considered a unit on the basis of the many trilobite genera that 
range throughout. Among these are Ptychaspis, Idahoia, Pseudag- 
nostus, Prozacompsus, Monocheiius, and an undescribed genus includ- 
ing Ellipsocephalus curtus Whitfield. 

Genera limited to the lower, or Ptychaspis, division are mostly un- 
described. Among them is a new genus which includes Conocephalites 
patersoni Hall. In addition, Billingsella, Wilbernia, and Litagnostus 
come into the division from below, but species do not carry over. 

Genera limited to, or making their first appearance in, the upper, or 
Prosaukia, division, include Prosaukia, Briscoia, Chariocephalus, 
Platycolpus, and Syntrophina. Irvingella, abundant just beneath the 
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Conaspis zone, makes a second appearance. Inarticulate brachiopods 
are relatively inconspicuous. 


Dikelocephalus postrectus zone (Bad Axe member).—Ulrich, en- 
countering the Dikelocephalus postrectus fauna subsequent to defini- 
tion of his Mazomanie formation, first placed it in the Trempealeau 
formation,?* and later?® in his Mazomanie formation. The faunal 
relationships with the Trempealeau are close, since there appear in this 
zone such genera as Dikelocephalus, Illenurus, and Saukiella. Pro- 
saukia and Monocheilus continue from below. Several undescribed 
trilobite genera are limited to the zone. There are practically no 
brachiopods. Graptolites and merostomes have been obtained from 
partings of dolomitic siltstone at several localities. 


TREMPEALEAU FORMATION 
GENERAL CONSIDERATIONS 


The Trempealeau formation, described by Ulrich®® in 1924, was 
named from a village on the Mississippi River, adjacent to which the 
strata are excellently exposed in a large outlier. 

The term as used by him included the strata from the top of the 
Franconia as defined in this paper to the base of his Jordan: Since 
there is imperceptible gradation from the Norwalk of Ulrich upward 
into his Jordan, the term, Trempealeau, is extended by the writers to 
include the Jordan as they define that member and, with certain reser- 
vations to be noted later, they also include the Madison sandstone. 
Used in this sense, the term, Trempealeau, embraces beds to which the 
names, St. Lawrence, Black Earth, Mendota, Lodi, Norwalk, Jordan, 
and Madison, have been applied (Fig. 1). The formation has a thick- 
ness ranging in different sections of Wisconsin from 60 to 175 feet. 

The Trempealeau is subdivided in this paper into five members, 
which, from the base upward, are the Basal Conglomerate and Green- 
sand, St. Lawrence Dolomite, Lodi “Shale” (siltstone), Jordan Sand- 
stone, and Madison Sandstone. 


BASAL CONGLOMERATE AND GREENSAND 


The basal member of the Trempealeau formation begins with a 
greensand conglomerate composed of disk-shaped pebbles and cobbles 
of glauconitic and buff dolomitic siltstone enclosed in a matrix of fine 


SE. O. Ulrich: Notes on new names in table of formations and the physical evidence of breaks 
bet Pi t in Wi. , Wis. Acad. Sci., Tr., vol. 21 (1924) p. 89-90. 

FE. O. Ulrich and C. E. Resser: The Cambrian of the Upper Mississippi Valley, Milwaukee 
Public Mus., Bull., vol. 12, no. 1 (1930) p. 52. 

© E. O. Ulrich: op. cit., p. 85. 


1706 TWENHOFEL, RAASCH, AND THWAITES—CAMBRIAN OF WISCONSIN 


sands and dolomite containing more or less glauconite. This con- 
glomerate is generally a few inches thick but may reach a dozen feet, 
as in the Stoddard quadrangle. It may be immediately overlain by 
the St. Lawrence dolomite, or as much as 15 feet of glauconitic sand- 
stone may intervene. In many exposures there is complete gradation 
into the St. Lawrence. 

Clearly, much of the material of this member was derived from the 
underlying Franconia, although some quartz sands may have come 
from other sources and some of the glauconite may be authigenic. 
Only a few fossil fragments are known. In Plate 151 this member 
has not been separated from the next above. 


ST. LAWRENCE MEMBER 


The St. Lawrence member is composed of dolomite. The name was 
applied by Winchell** to dolomite quarried for building stone near 
St. Lawrence in the Minnesota Valley. The quarries are still in opera- 
tion and expose a thickness of about 11 feet. At the type exposure the 
rock is firm; the beds, up to a foot in thickness, are yellow to gray 
more or less flecked with green from glauconite particles; and the basal 
beds contain considerable sand and pebbles. Fossils are few, but 
Ulrich *? obtained a number of Billingsella. 

Strata occupying a similar stratigraphic position in the Black Earth 
Valley of the Wisconsin drainage and in the Wisconsin Valley have 
been designated the Black Earth dolomite.** These strata have a 
thickness ranging to a maximum of about 15 feet. The bedding and 
composition of the rock are about the same as those of the St. Law- 
rence dolomite, but the colors in some of the beds are slightly different 
in that there is more or less purple mottling on a background of yellow 
to gray. = 

In the Four Lakes region about Madison, Wisconsin, there is a dolo- 
mite holding the same stratigraphic position as the St. Lawrence and 
Black Earth dolomites. Irving*‘ designated this dolomite the Mendota. 

Fossils are generally not common in the St. Lawrence member, but 
a few localities have been found where persistent effort has yielded 


%1N. H. Winchell: The geology of the Minnesota Valley, Minnesota Geol. and Nat. Hist. Survey, 
2nd annual Rept. (1874) p. 152-155. 

#2 FE. O. Ulrich: Notes on new names in table of formations and the physical evidence of breaks 
between Paleozoic systems in Wisconsin, Wis. Acad. Sci., Tr., vol. 21 (1924) p. 88. 

%F, T, Thwaites and Samuel Weidman: manuscript in files of Wisconsin Geological Survey; 
E. O. Ulrich: Correlation by displacements of the strand line, Geol. Soc. Am., Bull., vol. 27 (1916) 
p. 477-478; F. T. Thwaites: The Paleozoic rocks found in deep wells in Wisconsin and northern 
Illinois, Jour. Geol., vol. 31 (1923) p. 545-547. 

% R. D. Irving: Note on some new points in the elementary stratification of the primordial and 
Canadian rocks of south central Wisconsin, Am. Jour. Sci., 8rd ser., vol. 9 (1875) p. 441-442. 
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considerable collections. Each collection seems to have been made at 
a slightly different level from the others. A feature that is rather 
strongly developed in some beds in the Four Lakes region is the pres- 
ence of steeply dome-shaped algal secretions. These are local, occa- 
sionally are extremely abundant, and in part account for the variations 
in appearance of the strata in different exposures. Other fossils seem 
to be more common where the algal structures are best developed. 
Ulrich®® strongly advanced the view that the Mendota is not the 
equivalent of the St. Lawrence and Black Earth dolomites, but is dis- 
tinctly younger, and should, in fact, be placed not in the Cambrian 
but in the lower division of his proposed Ozarkian system. He postu- 
lated as the basin of deposition a narrow erosional valley, some 50 
miles long and 4 or 5 miles wide,** running from the Baraboo area 
southeastwardly past Madison. He considered that the St. Lawrence 
(Black Earth) dolomite thinned to disappearance eastward, becoming 
3 feet thick at Farwell Point on Lake Mendota and being entirely 
absent at Maple Bluff a mile farther east. All this was done despite 
the fact that the type section of the Mendota has nearly the identical 
sequence, the same stratigraphic position, the same general charac- 
teristics, and almost the same elevation above lake level as the Black 
Earth dolomite exposed in the Pheasant Branch quarry on the west 
end of Lake Mendota only a few miles from the type section of the 
Mendota, and that the two dolomites in their respective exposures are 
overlain by the Lodi shale and underlain by a conglomerate like that 
everywhere found at the base of the Trempealeau formation. 

Ulrich based his conclusion on both physical and faunal grounds. 
In support of the former he states that the Mendota is of limited dis- 
tribution, intervening locally along the unconformity which he states 
separates the Jordan and Madison sandstones, and that “beds under- 
lying these Mendota outcrops vary decidedly in age from place to 
place,” thus indicating a prominent sub-Mendota unconformity. With 
respect to faunal evidence, he states that of thirteen species found in 
the Black Earth dolomite, ten also occur in the Mendota but may be 
distinguished by almost imperceptible mutations. The three restricted 
to the former, he states must be “for the present the real guide fossils 


%E. O. Ulrich: Major causes of land and sea oscillations, Washington Acad. Sci., Jour., vol. 10 
(1920) p. 72-78; Notes on new names in table of formations and the physical evidence of breaks 


between Paleozoic syst in Wi. in, Wis. Acad. Sci., Tr., vol. 21 (1924) p. 87-89. Ulrich in 
& recent communication to Raasch stated that he no longer holds these views on the Mendota 
correlation. 


*E. O. Ulrich: Correlation by displacements of the strand line and the function and proper 
use of fossils in correlation, Geol. Soc. Am., Bull., vol. 27 (1916) p. 461. 
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for the Black Earth dolomite zone.” What these three species are he 
does not reveal. 

Since it is readily possible in the Cambrian of this region to found 
zones within formations on the basis of the range of fossil genera, and 
since few species have a maximum range of more than 25 feet, it 
appears strange that practically an entire fauna should recur, with 
slight mutations, across a systemic boundary. Further, the rather 
meager collections and none too satisfactory preservation of many of 
the fossils scarcely seem to warrant recognition of such minute dif- 
ferences. Moreover, even if the faunal differences postulated by him 
were warranted, there is, in the writers’ opinion, no reason why they 
need be regarded as anything more than the natural amount of dis- 
parity to be expected between the fossils from slightly different hori- 
zons within a single stratigraphic unit. 

On physical grounds, the writers are opposed to separation of the 
Mendota from the St. Lawrence (or Black Earth) for the following 
reasons: They have never observed the Mendota to occupy a strati- 
graphic position other than that of the St. Lawrence; the superjacent 
beds, wherever exposed, are the Lodi siltstones; the subjacent beds 
beneath the conglomerates at the base of the dolomites are the Upper 
Greensand beds of the Franconia, which, despite their practically un- 
consolidated nature, show little evidence of pre-Mendota erosion, such 
as should be strikingly evident if an erosional depression such as Ulrich 
postulates had been cut into the underlying deposits (i. e., through the 
Jordan, Lodi, and St. Lawrence). It is impossible to trace the postu- 
lated erosional depression in the field or in subsurface work. Nowhere 
have any of the writers seen Mendota in exposed unconformable rela- 
tionship with any part of the Trempealeau formation. The writers, 
therefore, are forced to conclude that the St. Lawrence, Black Earth, 
and Mendota are different names for the same dolomite zone, and they 
recommend that the latter two names be abandoned. 


LODI MEMBER 


The Lodi member is a gray, buff-weathering dolomitic siltstone com- 
posed largely of quartz and dolomite, with the proportions of the two 
substances varying with the bed. The quartz is of the dimensions of 
silt, and there is commonly some clay, which locally is the dominating 
material. The dolomite content may be small to very large, and some 
of the beds are dolomites and not siltstones. Ordinarily the rock re- 
sembles a shale, but locally firm, compact, crystalline dolomite beds 
are intercalated. Thus, at Maple Bluff, the type section of Irving’s 
Mendota, there are 40 inches of firm dolomite in beds, 6 to 7 inches 
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thick, at the top of the Lodi member. The color ordinarily ranges 
from gray to buff, and locally some of the beds are purplish red. 

The Lodi, as the writers employ the term, is generally around 30 feet 
thick, but it may thin in some areas to 2 feet. 

Fossils are not common, but some of them are well preserved. The 
fauna is large. 

JORDAN MEMBER 

The Jordan member directly follows the Lodi with more or less com- 
plete gradation. The name was given by N. H. Winchell*’ to strata 
exposed in the town of Jordan, Scott County, Minnesota. These 
consist of fine-grained, lenticularly bedded, horizontally to cross-lami- 
nated sandstones. Coarse-grained, cross-laminated, poorly bedded 
sandstones that must almost immediately overlie the strata exposed 
at Jordan may be seen on Van Oser Creek,** half a dozen miles north. 
Sandstones in Wisconsin, like those of the Jordan of the type locality 
and holding the same stratigraphic position, were later designated Nor- 
walk by Ulrich,*® from the village of that name in Monroe County, 
Wisconsin, and at the same time the term, Jordan, was applied to 
coarse-grained sandstones which in Wisconsin follow and grade into 
his underlying Norwalk. He gave to the Jordan of his definition the 
rank of formation. 

Doubtless, the fine-grained and overlying coarse-grained sandstones 
represent a unit of essentially continuous deposition, and it is impos- 
sible to draw a consistent plane of division between the upper and the 
lower parts. If the unit were subdivided, it would merely be on the 
basis of convenience. 

N. H. Winchell placed the two sandstones in his Jordan unit. This 
course was followed by Twenhofel and Thwaites* in their paper on 
the geology of the Tomah and Sparta quadrangles, by Stauffer‘! in 
his paper on the Jordan sandstone, and by Trowbridge and Atwater‘ 
in their consideration of the Cambrian of the upper Mississippi Valley. 
The same course is followed in this paper. The writers believe the 
term, Norwalk, should be abandoned. 


37N. H. Winchell: Geology of the Minnesota Valley, Minn. Geol. and Nat. Hist. Surv., 2nd 


Ann. Rept. (1874) p. 147-152. 
%8 Attention of the writers was called to the Van Oser exposures by A. C. Trowbridge and G. I. 


Atwater. 
%® FE. O. Ulrich: Notes on new names in table of formations and the physical evidence of breaks 
between Paleozoic syst in Wi. in, Wis. Acad. Sci., Tr., vol. 21 (1924) p. 83, 85-90. 


«© W. H. Twenhofel and F. T. Thwaites: op. cit., p. 628-630. 

41C. R. Stauffer: The Jordan sandstone, Jour. Geol., vol. 33 (1925) p. 699-713; Type Paleozoic 
sections in the Minnesota Valley, Jour. Geol., vol. 42 (1934) p. 337-357. 

42 A. C. Trowbridge and G. I. Atwater: op. cit., p. 61-65. 
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Where typically developed, the Jordan begins as dolomitic, thin- 
bedded, gray to brown sandstones which in some exposures carry thin 
beds of conglomerate. These sandstones grade upward into massively 
bedded, fine-grained, flour-like, buff to yellow sandstones, which in 
some sections are poorly laminated and in others are excellently so. 
These beds, in turn, grade upward into fine- to medium-grained in- 
tricately cross-laminated, white to brown sandstones which include 
bands virtually honey-combed by variously oriented burrows. The 
highest strata of the Jordan are coarse-grained, highly cross-lami- 
nated, yellow to white sandstones with obscure bedding. Locally 
these are brown to red. A characteristic feature is the common pres- 
ence of spherical calcite-sand concretions. 

Some of the fine-grained strata of the Jordan are so high in dolomite 
content as to merit the designation of dolomite. Many beds carry 
more than 60 per cent dolomite. In subsurface distribution the dolo- 
mite content increases to the south and east until the formation is 
recognizable only by its insoluble residues. Beds of conglomerate, 
with many of the pebbles of fine-grained sandstone in edgewise posi- 
tion, are common in some exposures of the Jordan, and one such con- 
glomerate is present in the fine-grained sandstones of the type section. 

The thickness of the Jordan ranges to a maximum of perhaps 100 
feet. About 50 feet are exposed at the type locality and an additional 
15 to 20 feet may be seen a short distance to the north on Van Oser 
Creek. A railroad cut on the south edge of Madison, Wisconsin, ex- 
poses 39 feet of Jordan underlain by the dolomite beds at the top of 
the Lodi shale and overlain by the basal conglomerate of the Ordo- 
vician Oneota dolomite.** 

Fossils are not common in the fine-grained sandstones of the Jordan, 
and they seem to be entirely wanting in the top coarse-grained sand- 
stones. Fossils have been collected in the fine-grained strata at Nor- 
walk, Osceola, Trempealeau, Stoddard, and elsewhere. Stauffer“ re- 
ports fragments of atremate brachiopods in the sandstones of the type 
locality, from an horizon about 50 feet above the top of the St. Law- 


rence member. 
MADISON MEMBER 


The type locality of the Madison member is in the sandstone quar- 
ries at Madison, Wisconsin, where the rock has been used for over 
ninety years for building purposes. The quarries have faces ranging 
from about 8 to perhaps 14 feet. This thickness seems to represent 


Rock of the type of the building stone of the Madison member is not exposed in this cut. 
“C. R. Stauffer: op. cit., p. 712. 
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the strata to which the term was originally applied, but the tendency 
has been to include with the Madison the underlying cross-laminated, 
fine-grained, poorly cemented sandstones which the writers assign to 
the Jordan. These are not seen in the quarries. They differ from the 
quarry stone in less evenness of bedding, more cross-lamination, and 
poorer cementation, and may be seen in the South Madison railroad 
cut where the quarry stone is not present and in the Mendota cut north 
of Madison where a few feet of quarry stone are present. 

The Madison of the type locality has relatively excellent bedding 
in thick units, has a relatively fine texture, is highly dolomitic, up to 
50 per cent in some beds, and lamination is present but not conspicu- 
ous. Most beds are full of variously oriented “fucoids,” and organic 
burrows are abundant. Fossils are not common at the type locality 
and are rare elsewhere. They have been collected by Edwards in the 
Kendall quadrangle and by Raasch in the Mauston. So far as is 
known to the writers the Madison is absent in the Chippewa River 
country and northwestward. 

There are some differences of opinion with respect to the Madison. 
Twenhofel and Thwaites are inclined to the opinion that the Madison 
represents a lithic phase, succeeding, and perhaps in part lateral to, the 
sandstones of Jordan aspect. If long sections could be seen, possibly 
this gradation could be traced. At the type exposures the base of the 
Madison is concealed. No conglomerate has been seen at this horizon 
in nearby railroad cuts that show the sandstones from the top of the 
Lodi to the base of the Oneota, but Edwards and Raasch found a 
prominent sand-pebble conglomerate in the Kendall and Mauston 
quadrangles, beneath sandstones that they refer to the Madison on the 
basis of fossils. It should, however, be kept in mind that other sand- 
pebble conglomerates are not infrequent in other districts, at different 
levels in the Jordan.** 


“ Ockerman [J. W. Ockerman: A petrographic study of the Madison and Jordan sandstones of 
southern Wisconsin, Jour. Geol., vol. 38 (1930) p. 346-356] concluded from a study of the heavy 
minerals “that the Madison sandstone and the Jordan sandstone are not two formations, but the 
same formation.” This he based on the dominance of garnet over zircon in practically every sample 
examined from five sections. Raasch, in recent heavy mineral studies, finds that this high garnet 
ratio persists in both coarse and fine phases of what he regards as true Jordan, as well as in the 
basal sandstones of the Oneota; but in the case of beds which he has previously regarded as 
Madison, including those of the type locality at the quarries west of Madison which were not 
sampled by Ockerman, there is a strong dominance of zircon, with less than five per cent of garnet. 
Raasch is strongly inclined to concur with the bulk of the published accounts of the last quarter 
century in regarding the Madison as a separate formation, younger than the Jordan (Fig. 1). He 
bases this opinion primarily on sedimentary and lithologic criteria. The other authors place little 
weight on criteria used by Raasch and prefer to follow Trowbridge and Atwater [op. cit., p. 63] in 
considering the Madison as the terminal member of the Trempealeau formation. 
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In some exposures it is difficult to locate the position of the top of 
the Trempealeau sandstones, due to the fact that the overlying Oneota 
formation of the Ordovician not infrequently begins with sandstones 
not greatly unlike the Madison and Jordan. In many places there is 
a well-developed conglomerate at the base of the Oneota; not. uncom- 
monly an erosion surface may be determined; and the overlying strata 
may contain mud cracks, ripple marks, and extremely irregular bed- 
ding surfaces. Oolitic beds are generally present immediately above 
the contact; large dome-shaped algal structures are not uncommon; 
and occasionally Oneota fossils may be collected. 

TREMPEALEAU FAUNA 


The Trempealeau fauna consists of numerous fossil assemblages of 
limited stratigraphic range and apparently also of restricted lateral 
distribution. Species have short vertical ranges, but many important 
genera occur throughout the formation, and a few extend downward 
into the Franconia. Important trilobite genera are Dikelocephalus, 
Saukia, Tellerina, Saukiella, Calvinella, Osceolia, Illenurus, Eurekia, 
Corbinia, Prozacompsus, Stenopilus, and Plethopeltis. Less common 
or more restricted forms are Briscoia, Walcottaspis, Euptychaspis, 
Triarthropsis, Triarthrella, Prosaukia, Acheilops, Platycolpus, and 
Entomaspis. Dendroid graptolites occur in some of the siltstones, and 
some ten genera of merostomes are present in the formation. Common 
atremate brachiopods are Westonia and Lingulella. Orthoids may be 
numerous in some of the more dolomitic layers, particularly Billing- 
sella in the upper part of the St. Lawrence member and Finkelnburgia 
near the base of the Jordan. Several genera of gastropods and ptero- 
pods are present and are locally abundant in the St. Lawrence member. 

The St. Lawrence seldom yields well-preserved fossils, but contains 
at least three distinct faunal assemblages. The lowest of these was 
found at Coon Valley, Vernon County, Wisconsin, in the basal foot 
of the member. The much-discussed Mendota and Black Earth assem- 
blages come from the middle part of the dolomite, the former from 
the Baraboo and Madison regions and the latter from the lower Wis- 
consin Valley as far west as Boscobel. A faunule of orthoid brachio- 
pods is present near the top of the member, over much of the upper 
Mississippi Valley. Trilobites of the family Sawkine are rare in the 
St. Lawrence member. Dikelocephalus is present, but the specimens 
are mainly fragmentary. The conspicuous trilobites of the Mendota 
and Black Earth assemblages are Platycolpus eatoni and Plethome- 
topus convexus. There are several genera of gastropods, of which 
important species are Scaevogyra swezey, Archinacella similis, Hyp- 
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seloconus recurvus, Matthevia sp., and Owenella sp. Hyolithes is 
locally common. 

The Lodi fauna is particularly characterized by the genus Dikelo- 
cephalus, a genus not restricted to this member, but reaching maximum 
development here. Common trilobite species are D. oweni, D. gracilis, 
D. barreti, Saukia whitfieldi, S. separata, Tellerina crassimarginata, 
Illenurus cf. quadratus, and species of Eurekia, Corbinia, and Proza- 
compsus. Characteristic brachiopods are Lingulella oweni, L. mosia, 
“Lingulella” convexa (Walcott) (= “L winona” Walc., non Hall) and 
Westonia aurora. Other fossils are the graptolite Dendrograptus 
hallianus, the gastropod Dirachopea wadsworthi, merostomes of the 
genus Aglaspis and several undescribed genera. Probably the Lodi 
may be divided into several faunal units, but additional data must be 
collected before this is attempted. 

So far as known, the Jordan member is fossiliferous only in its lower 
half, and the highest beds seem to be entirely barren. Most of the 
genera present in the Jordan are also present in the underlying Lodi, 
but the common Dikelocephalus and Tellerina of the Lodi do not 
dominate in the Jordan fauna. The common trilobites of the Jordan 
are Saukiella, Saukia, Calvinella, and locally Osceolia. Among signifi- 
cant associated genera are Triarthropsis, Euptychaspis, Stenopilus, 
Plethometopus, Plethopeltis, Entomaspis, and Prozacompsus. Finkeln- 
burgia osceola and F. finkelnburgi replace the atremate brachiopods 
of the underlying Lodi. The faunal succession has not yet been 
worked out in detail, but the facts, so far as collected, seem to indi- 
cate that the environment had great influence on distribution and that 
the frequent lateral gradations from the deposition of sand to silt or 
dolomite were accompanied by changes in the bottom faunas. 

In the region of the Mississippi River, the Jordan begins with strata 
characterized by Eurekia eos, Calvinella postulosa, and Finkelnburgia 
osceola. Somewhat higher in the section of this same region are strata 
containing the well-known Saukiella typica-S. pepinensis association. 
In the region around Osceola in the St. Croix Valley the Jordan carries 
a horizon in which are Osceolia osceola, Saukiella pyrene, Tellerina? 
leucosta, “Agnostus” disparilis, Illenurus quadratus, and Owenella 
antiquata. Many of these species extend into central Wisconsin, where 
they are associated with Dikelocephalus norwalkensis, and the con- 
taining strata are underlain by others from which, among other fossils, 
Acheilops norwalkensis has been collected. 

The Madison sandstone is poor in fossils, and those so far identified 
belong to genera found in the Jordan and Lodi members. Thus, of 
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the trilobites there are Tellerina sp. nov., Plethometopus sp. nov., and 
Entomaspis sp. nov. The gastropods are represented by Dirachopea 
sp. and Hyolithes sp. Of brachiopods there are Lingulella (Lingu- 
lepis?) sp. nov. and Finkelnburgia sp. nov. The character of this 
fauna obviously allies the Madison to the Jordan and underlying 
strata. 


ENVIRONMENT OF DEPOSITION OF THE CAMBRIAN STRATA OF 
THE UPPER MISSISSIPPI VALLEY 


GENERAL STATEMENT 


Cambrian strata of the upper Mississippi Valley were deposited in 
shallow water, as is attested by the frequent high-angle and long-fore- 
set cross-lamination, the occasional mud-crack layers, and the general 
character of the sedimentary features. The differences that exist in the 
character of the strata, the fossil content, and other features may only 
in part be referred to depth, and other causal factors must be sought. 
This will be done in succeeding paragraphs, with the problem of environ- 
ment considered separately for each formation. 


DRESBACH ENVIRONMENT 


The environment of deposition of the Dresbach sediments is pictured 
as a shallow inland sea, of which parts of the bottom at times were 
exposed to the atmosphere, as shown by the occurrence of mud cracks 
in parts of the Eau Claire formation. This sea covered a peneplaned 
land area on which there rose monadnocks of various elevation. These 
monadnocks gave many local sources of sediments for basal deposits. 
Marine waters are considered to have entered the area from a southerly 
direction and at first to have submerged only the lowest areas. These 
are thought to have lain in southern Wisconsin and adjacent parts of 
Illinois, Iowa, Michigan, and Minnesota. This sea is thought to have 
been, to a considerable extent, surrounded by land as are Hudson Bay 
and the Baltic Sea, but the evidence indicates that it was much shallower 
than either. Streams probably flowed into this inland sea, and its con- 
tent of dissolved salts was probably in part derived from these streams 
and in part from marine waters entering from the open ocean. The 
quantity derived from the open ocean would have been controlled by 
the width and depth of the connection therewith and by the ratio 
between evaporation of water in the basin and the inflow of fresh water 
from the streams. If connection was limited, as it might readily have 
been in a shallow basin, and if the streams contributed more water than 
was lost by evaporation, the basin would have contained fresh water. 
This condition would have prevented the entrance of marine organisms 
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and would have eliminated marine organisms if the basin had previ- 
ously contained salt water. Depression of the region of the basin, deep- 
ening of the connection with the open sea, or decrease in the inflow of 
fresh water from streams below that lost by evaporation, would have 
permitted the entrance of salt water and marine organisms from the 
ocean. 

It is postulated that during the time of Dresbach deposition the 
waters were fresh in the beginning and toward the close, and salty 
during the intermediate interval. This postulate is made on the basis 
of the absence of marine fossils, burrows, and glauconite in the Mt. 
Simon and Galesville members, and the presence of all these things in 
the Eau Claire member. It is postulated that the sequence of fresh 
and salt waters was as follows: 

Initial fresh water condition—Mt. Simon sandstones. 

Entrance of salt water and marine organisms—Eau Claire sand- 
stones and shales. 

Return of fresh water condition—Galesville sandstones. 

The Eau Claire fossiliferous strata are believed to pass laterally to 
the east and northeast into sandstones of the Mt. Simon and Galesville 
aspect. This is postulated as due to inflow into that part of the basin 
of fresh water in sufficient quantity to maintain non-marine conditions 
even during the time when salt waters covered the western and south- 
western parts. 

Probably, in general, the sands of the Mt. Simon and Galesville mem- 
bers were rather rapidly deposited. This is suggested by the large- 
scale cross-lamination present in some parts of these two members, 
but such a postulate cannot be maintained for all parts. The high 
degree of rounding exhibited by some of the sand particles, particularly 
in the Galesville member, coupled with the frosted or mat surfaces that 
are not uncommon, suggests that the wind played a part in producing 
some of the sands. Deposition of the sands is thought to have been 
very largely done by water, but a few places have been found where 
eolian deposition must be postulated. It is suggested that the sedi- 
ments of the Eau Claire member were deposited relatively slowly, this 
being thought to be indicated by the thinness of the units of stratifica- 
tion, the small-scale cross-lamination, the presence of glauconite, and 
the occurrence of burrows. 


FRANCONIA ENVIRONMENT 


It is thought that the Franconia sandstones were deposited in waters 
that had good connection with the open sea. The rate of deposition 
appears to have been slow, this postulate being based on the rather 
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abundant occurrence of glauconite and the numerous thin, low-angle 
cross-laminated units. The waters were constantly marine, as is at- 
tested by the general occurrence of marine fossils and glauconite. No 
great depth can be assumed for the waters, and there were times when 
the bottom over extensive areas was exposed sufficiently to develop mud 
cracks. Great abundance of burrowing organisms is indicated by the 
large numbers of burrows. These show the degree to which the sedi- 
ments were screened for food, and the comminuted character of the 
fossils in such sands is thus readily explained. Wave action may 
have initially broken the shells and tests, but the burrowing organisms 
may be considered to have finished the destruction. 

The basal strata of the Ironton member seem to have been rather 
rapidly deposited, and the materials probably were largely derived 
from the underlying Galesville. The view of rapid deposition is based 
on the generally unsorted character of the materials, and upon the 
nature of the cross-lamination. A somewhat slower rate of deposition 
is postulated for the upper part of the Ironton. The calcareous strata 
above the Ironton sandstones are interpreted as having been deposited 
when the streams and currents were not spreading sands widely over 
the basin. The overlying members of the Franconia seem to have been 
rather slowly deposited, with the possible exception of the yellow sand- 
stones near the middle of the sequence. 

The significance of the contact between the Galesville and the Iron- 
ton members is not clearly understood. An erosion surface seems to be 
present in some places at the top of the Galesville, and, if such is the 
case, it may have been produced in one of the following ways: (1) 
Galesville deposition was brought to an end by elevation of the bottom - 
above water level. Erosion followed. (2) The Galesville sands were 
built to the level of the profile of equilibrium, with cessation of deposi- 
tion and occasional subaqueous erosion. Depression led to renewal of 
deposition. (3) Depression of the basin led to the entrance of marine 
waters. The deepening of the waters determined a new position for the 
profile of equilibrium, which necessitated erosion of the bottom to 
attain that level. 

TREMPEALEAU ENVIRONMENT 

Marine waters filled the basin during most of the Trempealeau. Fol- 
lowing the deposition of the basal conglomerate only a very limited 
quantity of terrigenous sediments was brought to parts of the basin, 
with the result that, over such parts, dolomites were deposited.’ The 
significance of dolomites in terms of environment is not well under- 
stood, but slowness of deposition is postu ‘ated. The presence of glauco- 
nite in both the St. Lawrence and the L: di members is thought to sup- 
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port the idea of slow deposition. There may have been a return to 
fresh water conditions during the later part of Jordan deposition, 
particularly during the laying down of the coarse-grained sandstones 
which so frequently cap the member, the deposition of which, it is 
suggested, left the bottom irregular with considerable relief. 

In the closing stages of the Trempealeau it is suggested that the basins 
between the high places on the bottom became filled with fine sands 
and dolomite and that these fine sands may have locally covered high 
places, whereas on other high places the deposition of coarse sands 
continued. This explanation considers the fine sediments as generally 
later than the coarse sediments, but perhaps contemporaneous with the 
highest parts of some of them. Marine waters certainly existed in the 
basin while these fine sands and dolomite were in process of deposition, 
and with these waters came occasional marine organisms, if the number 
may be measured by the sparse distribution of fossils, but burrowing 
organisms were common. The fine deposits made under these sug- 
gested conditions constitute the Madison member. Coarser sandstones 
must have been made somewhere at the same time, as they are in every 
body of water, and these would also be of Madison age, but would, in 
all likelihood, be assigned to the Jordan. Suggestions have been made 
that parts of the Jordan are of eolian deposition, but this suggestion 
is not favored by the cross-lamination or other sedimentary features. 

The conglomerate at the base of the Trempealeau indicates that there 
was some erosion of the Franconia to acquire the materials. Whether 
there was uplift and subaerial erosion or whether the bottom was raised 
above the level of the profile of equilibrium is not known; but the 
Franconia does not seem to have lost much thickness in its highest mem- 
ber; the structures of the two formations are parallel; and there is 
little relief at the contact. The interval seems to be of the nature of 
a diastem. 

SUMMARY 

The evidence derived from study of the Upper Cambrian sequence 
of the upper Mississippi Valley indicates essentially continuous deposi- 
tion from the beginning to the end. The interruptions in deposition 
between the successive formations seem to have been of minor character 
and of the order of diastems. However, there is such a marked change 
in heavy minerals at the top of the Dresbach that a different source 
must be postulated for some of the sediments of the succeeding forma- 
tions. Below that horizon, ilmenite is dominant in the heavy minerals, 
with considerable amounts of zircon and tourmaline; garnet is absent. 
Above that horizon, garnet dominates, and ilmenite is absent. The 
Franconia is characterized by a low percentage of zircon as compared 
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to garnet.** The first big break in the Paleozoic succession comes at the 
top of the Trempealeau as defined in this paper—that is, below the 
Oneota and at the beginning of the Ordovician. The contact at this 
level is marked by a basal conglomerate, of which some of the pebbles 
and cobbles were transported miles from the parent rocks, by. profound 
changes in the lithology and the fauna, and frequently by a plane of 
erosion. 
GEOLOGIC SECTIONS 
SECTIONS 1 AND 2—RACINE AND STURTEVANT 

Composite of wells of Wisconsin Gas and Electric Company, and Horlick 

Malted Milk Company, No. 1, Racine, and Chicago, Milwaukee, St. Paul and 


Pacific Railroad, Sturtevant. Samples examined by F. T. Thwaites. 
Trempealeau formation, 105 feet 


Jordan member Feet 
23. Sandstone, medium-grained, white, frosted grains................. 5 
22. Dolomite, light gray; residue, sand, medium grained............... 10 

Lodi member 
21. Dolomite, light gray; residue, quartz silt and pyrite............... 10 
20. Dolomite, light gray; residue, fine quartz sand and pyrite.......... 20 
19. Dolomite, light gray; residue, quartz silt and pyrite............... 20 
18. Dolomite, light gray; residue, fine quartz sand and pyrite.......... 10 


St. Lawrence member 
17. Dolomite, light gray, some pink and green; residue, quartz silt and 


Franconia formation, 50 feet 
16. Sandstone, fine-grained, light gray to greenish gray and pink, glau- 


15. Sandstone, fine- to very fine-grained, light pink, dolomitic......... 20 

14. Sandstone, medium- to fine-grained, pink and gray, dolomitic...... 10 
Ironton member 


13. Sandstone, medium- to coarse-grained, white, dolomitic; shale, green 10 
Dresbach formation, 870 feet known 
Galesville member 
12. Sandstone, medium-grained, white ...................0.ccceceeees 35 
Eau Claire member 


11. Sandstone, fine- to very fine-grained, light gray and pink, dolomitic 30 
10. Sandstone, very fine-grained, light pink, dolomitic; shale, red, dolo- 


9. Sandstone, fine- to medium-grained, pink to gray, dolomitic........ 30 
8. Sandstone, fine- to medium-grained, white and pink, glauconitic, 

dolomitic; thin layers of red 175 


“W. L. Wilgus: Heavy minerals of the Dresbach sandstone of western Wisconsin, Jour. Sed. 
Petrol., vol. 3 (1933) p. 83-91. 
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Mt. Simon member Feet 
7. Sandstone, fine-grained, white, slightly dolomitic.................. 20 

6. Sandstone, fine- to medium-grained, light gray, some pink layers, 

5. Sandstone, fine-grained, pink, dolomitic; shale, red and gray, sandy, 
4. Sandstone, medium- to coarse-grained, white..... PAS 15 

3. Sandstone, coarse- to fine-grained, light gray to white, some pink 

2. Sandstone, medium- to fine-grained, white, some pink layers, dolo- 
1. Sandstone, medium-grained, white, some pink layers............... 150 


SECTIONS 3 AND 4—ELKHORN AND EAST TROY 


Composite of Elkhorn city well No. 4, samples examined by F. T. Thwaites, and 
Stephen Field well, East Troy, from notes of W. C. Alden. 


Trempealeau formation, 80 feet 


Jordan member Feet 
36. Dolomite, light gray and pink, some greenish-gray, sandy, a little 
Lodi member 
35. Dolomite, light gray; residue, quartz silt................0..ceeeeee 15 


34. Dolomite, light gray and pink; residue, quartz silt and glauconite.. 35 
St. Lawrence member 
33. Dolomite, light gray and pink; residue, quartz sand and glauconite 10 
32. Dolomite, pink; residue, quartz sand and glauconite; sandstone, 
fine-grained, green, glauconitic, dolomitic....................... 10 


Franconia formation, 70 feet 
31. Sandstone, fine-grained, pink and gray, dolomitic, glauconitic; a few 


Ironton member 
30. Sandstone, coarse-grained, light gray...............cceeceeceeeeees 5 
Dresbach formation, 931 feet known 
Galesville member 
29. Sandstone, medium-grained, white ................cceeceeeeeeeece 50 
Eau Claire member 
28. Sandstone, medium-grained, white, dolomitic...................... 20 
27. Sandstone, fine-grained, gray and pink, dolomitic.................. 30 
26. Sandstone, fine-grained, light gray, dolomitic, glauconitic.......... 10 
25. Sandstone, fine-grained, light pink, dolomitic; shale, red and green- 
24, Dolomite, brownish-gray, glauconitic, sandy; shale, red............ 20 
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Feet 
22. Shale, greenish-gray and red, dolomitic...................0...005- 4 
21. Sandstone, fine-grained, gray, dolomitic, glauconitic; shale, greenish- 
19. Sandstone, fine-grained, gray, dolomitic, glauconitic............... 5 
17. Sandstone, fine-grained, light gray to pink, dolomitic, glauconitic.. 10 
16. Sandstone, medium to fine-grained, light gray, dolomitic........... 80 
Mt. Simon member 
15. Sandstone, medium-grained, light gray, dolomitic.................. 20 
14, Sandstone, medium-grained to fine, light gray to red, dolomitic; 
12. Sandstone, medium- to fine-grained, pink, dolomitic............... 20 
11. Shale, eray, dolomitic, sandy at top... 40 
10. Sandstone, medium- to fine-grained, light gray to white, mainly 
8. Sandstone, coarse to fine-grained, gray; thin layers of red shale..... 95 
6. Sandstone, coarse- to medium-grained, light gray.................. 46 
Section continued in Field well, correlation not certain 
3. Sandstone, coarse-grained, pink and yellowish-gray................ 35 
2. Sandstone, fine-grained, pink and yellowish-gray.................. 55 
1. Sandstone, fine-grained, dark purple. It is claimed that 485 feet of 
this was penetrated, but the samples show only................. 10 


SECTIONS 5 AND 6—MILTON AND FORT ATKINSON 
Milton village well and Fort Atkinson city well No. 3. .Samples examined by 


F. T. Thwaites. 
Trempealeau formation, 47 feet 
Jordan member Feet 
23. Sandstone, medium-grained, gray, dolomitic; shale, green.......... 6 
Lodi member 


St. Lawrence member 


20. Dolomite, yellowish-gray to gray; residue, sand and glauconite; 


Franconia formation, 102.5 feet 


19. Sandstone, fine-grained, light gray and pink, dolomitic............. 65 
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Ironton member Feet 
18. Sandstone, medium- to coarse-grained, white, some red layers, dolo- 
Dresbach formation, 745 feet 
Galesville member 
17. Sandstone, medium-grained, white .............. 25 
Eau Claire member 
16. Sandstone, fine- to medium-grained, light gray, dolomitic........... 15 
15. Sandstone, fine-grained, pink and gray, dolomitic, glauconitic; layers 
14; Bhale, greenish-gray, dolomitic .... 15 
13. Sandstone, medium-grained, light gray, dolomitic.................. 30 
12. Sandstone, medium-grained, white 25 
11. Sandstone, medium-grained, white, dolomitic, some hard layers. .... 85 
Mt. Simon member 
10. Sandstone, medium-grained, white 55 
9. Sandstone, medium-grained, white, layers of sandstone, red, dolomitic 10 
8. Sandstone, coarse- to fine-grained, white.....................00005 130 
7. Sandstone, coarse- to fine-grained, gray and white, dolomitic....... 25 
6. Sandstone, medium- to coarse-grained, white.....................- 35 
5. Sandstone, medium- to coarse-grained, light pink................... 5 
4. Sandstone, coarse- to fine-grained, light gray to white.............. 180 
3. Sandstone, very coarse- to medium-grained, light pink............. 15 
2. Sandstone, coarse- to fine-grained, light gray...................... 5 
1. Sandstone, fine-grained, red (“granite wash”) 10 


Pre-Cambrian granite 


SECTION 7—MADISON 


Composite of exposures at Rock Cut (Sec. 35, zones 27-30) ; Maple Bluff (Sec. 1, 
T.7N., R. 9 E.); Farwell Point (Sec. 34, T. 8 N., R. 9 E., zones 17-27); well 
of Maple Bluff Golf Club (SW%, SE% sec. 36, T. 8 N., R. 9 E., zones 15-16); 
city of Madison, unit well No. 3 (SW%, SW% sec. 6, T. 7 N., R. 10 E). Sub- 
surface section by F. T. Thwaites; surface sections by W. H. Twenhofel and 
G. O. Raasch, 1933. 


Trempealeau formation, 61.5 feet 


Jordan member Feet 
30. Sandstone, fine- to medium coarse-grained, yellowish-gray, cross- 
laminated, top coarser than below, Jordan aspect throughout..... 24.7 


29. Sandstone, fine-grained, white to yellowish-gray, beds 4 to 6 inches 
on weathered exposure, more or less cross-laminated; locally on 


weathered exposure has shaly appearance.....................0. 12 
28. Sandstone and siltstone in bands, fine-grained, white, sharp lower 
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Lodi member Feet 
27. Dolomite, silty, evenly bedded, mottled buff and purple............ 33 
26. Siltstone, dolomitic, irregularly laminated, yellow................. 5 
25. Siltstone, dolomitic, interlaminated purple and reddish purple, con- 
tains Aglaspis barrandet and Lingulella 1 


St. Lawrence member 

24. Dolomite, firm at base but passing above into shaly dolomite; 
mottled buff and purple or reddish purple...................... 1 

23. Dolomite, firm, compact, five regular beds, seems to be without alge 9 

22. Dolomite, not sharply separated from bed below; one bed of firm 
dolomite containing poorly defined nonseparable bedding planes; 
upper surface irregular; buff; contains glauconite and fine quartz 
sand; large inverted cone-shaped algal structures up to several 
feet across, with domal upper surfaces as tall as, or taller than, 
the bed is thick, with the tops rising above the top of the bed.... 2 

21. Conglomerate, greensand pebbles in a matrix of glauconite and 
quartz sand, pebbles 2 to 3 millimeters thick and 2 to 3 centi- 
meters long; matrix friable, irregularly laminated, yellow to 
brown; perforated by variously oriented borings................ 1 


Franconia formation, 103.7 feet 


20. Sandstone, greenish-yellow to white, medium-grained, friable, glau- 

conitic, dolomitic where fresh, cross-laminated.................. 22 
19. Sandstone, fine-grained, dolomitic, glauconitic, yellow to white.... 17 
18. Sandstone, fine-grained, dolomitic, glauconitic, yellow to white, 


17. Sandstone, fine-grained, yellowish-gray, friable, little glauconite.... 2.5 
16. Sandstone, fine-grained, gray, glauconitic; contains layers of hard, 
gray to yellow, dolomitic siltstone.....................ceceeeeee 42 
Tronton member 
15. Sandstone, fine- to coarse-grained, light gray, dolomitic............ 13 
Dresbach formation, 640 feet 
Galesville member 
14. Sandstone, medium-grained, white ..................ceeeeeeeeeeee 55 
Eau Claire member 
13. Sandstone, medium-grained, yellow-gray, somewhat dolomitic...... 5 
12. Sandstone, mediuia-grained, light yellow gray..................... 20 
11. Sandstone, medium-grained, yellow-gray, dolomitic................ 5 
10. Sandstone, medium-grained, light gray.....................eceeeee 45 
9. Shale, red and greenish-gray, dolomitic......................0000% 10 
8. Sandstone, fine-grained, pink, dolomitic, glauconitic............... 5 
7. Sandstone, medium- to fine-grained, light gray to white, some pink 
Mt. Simon member 
6. Sandstone, medium-grained, white 


5. Sandstone, medium- to fine-grained, light gray and pink, dolomitic 20 
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4, Sandstone, mostly medium-grained, some fine-grained, some coarse, 


3. Sandstone, very coarse- to fine-grained, light gray and pink layers.. 93 


1. Sandstone, coarse- to fine-grained, gray and pink layers............ 
Pre-Cambrian felsite 


SECTION 8—KINGSTON 


Cuts along Wisconsin Highway 44 (SE%, NW% sec. 24, T. 14 N., R. 11 E.) 
Measured by Thwaites, 1919, and Raasch, 1932 


Trempealeau formation, 35 feet exposed 


Lodi member Feet 
8. Sandstone, very fine-grained, silty, micaceous, yellow with some red 
markings; trails marked by blue silt.......................0055 20 
7. Dolomite, silty, greenish-gray, mottled with orange-colored, sandy 
areas; some purple blotched beds near top...................0-- 8 
6. Siltstone, dolomitic, greenish-gray to brownish-gray; contains Lin- 
gulella mosia var., L. oweni, L. winona, Westonia aurora, Aglaspis, 
St. Lawrence member ; 
5. Dolomite, sandy, layers 1 to 2 inches, mottled yellow and gray, 
5 


Franconia formation, 42.5 feet exposed 
Bad Axe member 
4, Sandstone, fine- to coarse-grained, greenish-gray to pinkish-gray, very 
glauconitic, dolomitic, finely laminated, lenses of yellowish-gray 
dolomitic siltstone and granular, sandy dolomite; upper half con- 


3. Sandstone, medium-grained, mottled pink and green, glauconitic, 
dolomitic, beds to 3 feet, borings yellow silt mottling due to bot- 
Hudson member 
2. Sandstone, fine-grained, light gray, fairly firm in ledge, fossiliferous, 
1. Sandstone, fine- to coarse-grained, alternating beds, yellowish-gray, 
775 


SECTION 9—MAZOMANIE AND FERRY BLUFF 

Composite of exposures in School Section Bluff (north % sec. 16, T.8 N., R. 6 E.) 
and Ferry Bluff (SW% sec. 20 and NWY%NW% sec. 29, T. 9 N., R. 6 ED). 

Thwaites, 1914, and Raasch, 1932-1933. 
Trempealeau formation, 73 feet 

Madison member 

18. Sandstone, fine-grained, light gray, firm thin layers................. 45 


q 
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Jordan member Feet 
17. Sandstone, medium- to coarse-grained, white, friable, thick beds, 

16. Sandstone, rather coarse-grained, brown, dolomitic................. 1 


Lodi member 

15. Siltstone, dolomitic, and sandstone, fine-grained, very dolomitic, 
yellowish-gray with irregular red markings; near base, 2.5 feet 

14. Siltstone and sandstone, very fine-grained, both very dolomitic, buff, 
mainly thin layers; fossils: Westonia aurora, Dikelocephalus oweni, 
Tellerina crassimarginata, Lingulella winona, L. mosia, and many 


St. Lawrence member 
13. Dolomite, gray to buff, sandy, glauconitic, contains Cryptozoa...... 9 
Franconia formation, 137.7 feet 
Bad Axe member 
12. Greensand, medium- to fine-grained, friable, dolomitic.............. 25 
Hudson and Goodenough members 


11. Sandstone, fine- to medium-grained, alternating layers of clean, cross- 
laminated, yellow to brown, friable sandstone and non-laminated 
lumpy sandstone with irregular blotches of yellow silt; many 


borings, moderate amount of glauconite, local dolomitization.... 23 
10. Conglomerate, pebbles of sandstone like adjacent beds, flat to discoid, 

lying at all angles, matrix sandstone like above, dolomitic....... 1 


8. Dolomite or limestone, coarsely granular, very sandy, much glau- 
conite, some areas, conglomeratic with discoid pebbles of white 

7. Sandstone, fine- to medium-grained, buff to brown, glauconitic, 
irregularly dolomitized, moderate development of borings and 


evidences of bottom-consuming organisms...................... 3 
3. Dolomite, buff, sandy, studded with quartz granules; fragments of 


2. Sandstone, mostly fine-grained, yellow-brown, carbonate cement, 
studded with granules and small pebbles of quartzite; few borings 1 


Dresbach formation, 30 feet exposed 
Galesville member 
1. Sandstone, mostly fine- to medium-grained, well sorted, massive, 
white, cross-laminated layers of grit; granules of quartzite and 


Level of Wisconsin River 


: 
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SECTION 10—PHILIPP FARM WELL 


Well at farm of late E. L. Philipp (GSW%4sNE% sec. 27, T. 10 N., R. 6 E.). 
Samples examined by F. T. Thwaites. The position of this section in the sequence 
was fixed by measurement to the base of the Trempealeau formation, but the 


exposed section was not measured. Drift, 190 feet. 


Dresbach formation, 350 feet known 
Eau Claire member 
15. Shale, greenish-gray, very dolomitic, alternating with sandstone, fine, 


14. Sandstone, medium- to fine-grained, yellowish-gray, dolomitic...... 
12. Sandstone, very fine-grained, light gray, dolomitic................ 
Mt. Simon member 

10. Sandstone, medium-grained, light yellow, dolomitic................ 
9. Shale, greenish-gray, brownish-gray, bluish-gray in part sandy, dolo- 

8. Sandstone, fine-grained, gray, dolomitic, pyritic.................... 
4. Sandstone, fine- to coarse-grained, light yellowish-gray, dolomitic. .. 
2. Sandstone, very fine- to medium-grained, gray, dolomitic.......... 
1. Conglomerate, gray, pebbles of pink quartzite...................4. 


Pre-Cambrian granite 


SECTION 11—LONE ROCK AND VICINITY 


Feet 


Composite of several sections near Lone Rock (T. 8 and 9, R. 2 E.) measured 


by Raasch, 1924 and 1933, and Twenhofel, 1933. 


Trempealeau formation, 111.8 feet 
Madison member 
19. Sandstone, mostly fine-grained, rather thin bedded, white to brown, 
dolomitic, fucoids and borings in some beds; contains con- 
18. Conglomerate, large flat sandstone pebbles in sand matrix.......... 


Jordan member 
17. Sandstone, fine- to medium-grained, massively bedded, yellow, com- 
monly cross-laminated with long and steep foresets; thin bands 

16. Sandstone, white, fine-grained, brownish-gray silty streaks.......... 

15. CONCEALED 


Feet 


35 
60 
25 
5 : 
35 
10 
65 
15 
5 
10 
5 
25 
5 
30 
20 
40 
2 i 
215 
13 : 
19 


Lodi member 


14. Siltstone, dolomitic, yellowish-gray, interlaminated with sandstone, 
fine, dolomitic, micaceous; fossils: Lingulella, Westonia, Dikelo- 
cephalus, Saukia, Tellerina, Illaenurus, Corbinia, etc., locally 


St. Lawrence member 
13. Dolomite, buff, bottom thick-bedded, top 3 feet thinner-bedded..... 


Franconia formation, 130 feet 
Bad Axe member 


12. Greensand, fine-grained, silty patches in some layers; contains pebbles 


Hudson member (Prosaukia beds) 


11. Sandstone, successive layers of dirty, dolomitic, brown, medium- 
grained sandstone and clean, yellow, friable sands full of vertical 
borings; some of the dolomitic layers are conglomeratic......... 


Hudson member (Ptychaspis beds) 


9. Sandstones, mostly yellowish-gray, fine-grained, alternating bands of 
clean and silty sandstone, sparsely glauconitic; conglomerate 
lenses and dolomitized area near base; fossils: Ptychaspis, Idahoia, 

8. Greensand conglomerate, friable, pebbles like No. 7................ 


Goodenough member 


7. Sandstone, fine-grained, glauconitic, lenticular beds; some beds clean 
and laminated, others dirty, mottled and streaked with silt; beds 
thin, many cross-laminated ; conglomerate lenses common; fossils: 

5. Greensand conglomerate, 


Ironton member 


4, Sandstone, coarse-grained, dolomitic, glauconitic, firm, poor fossils. . 
3. Sandstone, coarse-grained, conglomeratic, glauconitic, pebbles con- 


Dresbach formation, 55 feet exposed 
Galesville member 


2. Sandstone, medium-grained, massively bedded, horizontally lami- 
nated with a little cross-lamination, yellow to white, fairly sorted, 
friable, a few partings of green shale.......................000- 

1. CONCEALED to level of Wisconsin River.....................045 
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Feet 


15 


13 


39 


1.7 


3 
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SECTION 12—RICHLAND CENTER 
Section in quarry % mile southeast of railroad station, by G. O. Raasch (NW%, 
SE%, Sec. 21, T. 10 N., R. 1 E.) and city well drilled in 1930, samples examined 
by F. T. Thwaites. No allowance for dip made in connecting sections. 


Trempealeau formation, 116.5 feet 
Madison member Feet 
25. Sandstone, fine-grained, white to brownish-gray, thin-bedded, some 
layers with fucoids, some dolomitic, others conglomeratic; con- 
spicuous calcite-sand concretions 315 
23. Conglomerate, thick-bedded with lenticular and spheroidal pebbles 
of sandstone up to four inches in diameter; matrix, poorly sorted 


Jordan member 
22. Sandstone, fine-grained, white to buff, lower 10 feet one bed contain- 
ing abundant burrows filled with silt; upper 25 feet intensely 
cross-laminated with intersecting lenses; texture, coarse above 
and finer below; scattered pebbles... 35 


Lodi member 

21. Siltstone and sandstone interlaminated, light brownish-gray in lower 
13 feet, olive-green in upper 4 feet; both are dolomitic, micaceous, 
and contain mud cracks; upper 4 feet contain fragments of grap- 
tolites, merostomes, and Saukia subgranosa, Eurekia, and‘ Ille- 
nurus; underlying strata contain Lingulella winona, L. mosia, L. 
owenit var., Westonia aurora, Dikelocephalus wisconsinensis, D. 
subplanus, D. oweni, other species of -Dikelocephalus, Saukia 
parva, Illenurus quadratus var., and numerous merostomes; the 
basal strata carry a different fauna including Dikelocephalus bar- 


St. Lawrence member 
20. Dolomite, yellow to gray, thick-bedded, some glauconite and fossil 


Franconia formation, 121 feet 
Bad Axe me. 
18. Greens....., fine-grained, containing some silt...................... 1 
Dresbach formation, 698 feet 
15. CONCEALED by alluvial fill in well......................0000005 88 
Eau Claire member 
14. Sandstone, fine- to medium-grained, light gray to light yellowish 
13. Sandstone, medium-grained, white..................0ccceecceeuees 102 


12. Sandstone, medium- to fine-grained, light gray and light pink...... 32 


| 
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Mt. Simon member Feet 
11. Sandstone, medium-grained, 6 
10. Sandstone, medium- to fine-grained, light gray and light pinkish 

9. Sandstone, medium- to fine-grained, white.................-..0065 60 
8. Sandstone, medium- to coarse-grained, white................ ee 14 
7. Sandstone, fine- to medium-grained, light gray..................-- 50 
6. Sandstone, very fine- to fine-grained, shaly, light gray.............. 2 
5. Sandstone, medium- to fine-grained, light gray..................... 66 
4. Sandstone, very coarse- to medium-grained, light gray............. 23 
3. Sandstone, coarse- to fine-grained, dark red, some pink and gray 

1. Sandstone, very coarse- to fine-grained, pink, some light gray layers 110 


Pre-Cambrian reported but not shown in samples 


SECTION 13—FRIENDSHIP MOUND AND ROCHE A CRIS 


South end of mound (NW% sec. 5 and NE% sec. 6, T. 17 N., R. 6 E) (G. O. 
Raasch, 1931) and section at south end of Roche 4 Cris (NE%4, SE% sec. 30, 
T. 18 N., R.6 E.).” 

Franconia formation, 123.7 feet 
Hudson member Feet 
15. Sandstone, coarse- to medium-grained, well sorted, yellowish-gray 
to light brown, cross-laminated, friable, abundant borings; Pty- 
chaspis fauna toward base and Prosaukia above................. 51 
Goodenough member 


14. Sandstone, coarse- to medium-grained, yellow to light brown, well 
sorted, saccharoidal, cross-laminated, full of borings and silty 


lumps; fossils: Conaspis, Wilbernia, Billingsella, and others..... 20 
Ironton member 
12. Sandstone, brown, micaceous, disturbed; Irvingella major, Hyo- 
Uthes, may not belong to Tronton....... 1 
11. Sandstone, coarse-grained, light gray, non-laminated, borings in lower 
part, abundant Camaraspis in middle, glauconite in upper part... 4.5 


10. Sandstone, mostly coarse-grained, poorly sorted, light gray, abundant, 
vertical borings in upper 1.5 feet, has symmetrical ripple marks 6.2 

9. Sandstone, coarse-grained, poorly sorted, steeply cross-laminated, 
silty laminae and pebbles of 7 


Dresbach formation, 217 feet exposed 
Galesville member 
8. Sandstone, medium-grained, mostly well sorted, massive, grayish- 
white; cross- and horizontal lamination, and symmetrical ripple 


7. Sandstone, coarse- to medium-grained, ill-sorted, light-gray, white 


 R. D. Irving: Geology of central Wisconsin in Geology of Wisconsin, vol. 2 (1877) p. 573-574. 


= 


GEOLOGIC SECTIONS 1729 


Eau Claire member (plane of division uncertain) Feet 
6. Sandstone, massive, no consistent bedding, mostly coarse-grained, not 
well sorted, white to yellowish-brown, laminated coarsely; cross- 
laminated in lower and middle parts, upper part horizontally lem- 

5. Section continued in Roche 4 Cris, but connection has not been 
traced in the field. Sandstone, medium- to fine-grained, gray and 


4. Sandstone, very coarse-grained, white...................cceeeeees 30 
3. Sandstone, medium- to coarse-grained, red, brown, yellow and white; 


2. Sandstone, medium-grained, friable, yellow-gray, cross-laminated... 10 
1. Sandstone, very fine-grained, soft, alternating red, white, yellow, 
pink, and brown beds, case-hardened.................000ceeeeee 20 


Note.—Pre-Cambrian granite is reported in well at railroad shops in Adams, 
1% miles ‘south of Friendship Mound, at a depth of 315 feet below the .evel of 
the plain, at base of above section and in an oil test west of Roche 4 Cris (NE%, 
NW% sec. 30) at about 265 feet, making total thickness of Cambrian about 605 
feet. 

SECTION 14—GOODENOUGH HILL 


Cuts on Wisconsin Highway 71 (NE% sec. 13, T. 15 N., R. 2 E.) (G. O. Raasch) 


Trempealeau formation, 19.5 feet exposed 
Lodi member Feet 
23. Siltstone, dolomitic, sandy, yellow-green, in thin layers with rough 
surfaces; Dikelocephalus and 45 


St. Lawrence member 
22. Dolomite, granular, light buff, somewhat glauconitic and sandy, fossil 


Basal greensand member 
21. Greensand, similar to Bad Axe member of Franconia but without 
borings and with mottled, dolomitic areas in upper beds......... 14 
20. Conglomerate, pebbles discoid, of yellow dolomitic siltstone, matrix 


Franconia formation, 154.1 feet 
Bad Aze member 
19. Greensand, dirty, silty, orange-colored borings at many levels; many 
blue or yellow bands of 20 


Hudson member 
18. Sandstone, white, pinkish-brown where dolomitic, fine-grained, 
mainly cross-laminated; glauconite sparse except in a few layers; 
small vertical borings abundant; lenses of yellow dolomitic silt- 
stone; fossils: Prosaukia longicornis, Irvingella sp. nov., Idahoia 


| 
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Feet 
16. Sandstone, fine, light-chocolate color, bands full of silty pockets, 
borings numerous; fossils: Ptychaspis granulosa, Saukaspis, Mo- 
nocheilus anatina var., Wilberina sp., Idahoia sp. nov., I. wiscon- 
15. Sandstone, light pink, full of streaks and blotches of blue-gray or 
yellow silt; borings common; fossils in the cleaner sandstones; 
Monocheilus anatina var., Ptychaspis granulosa, Idahoia......... 172 
14. Greensand, dirty, blotched with yellow silt; conglomerate at base 
with sandstone pebbles; terminates above in a one-foot layer of 
clean, laminated greensand with rusty borings.................. 5 
Goodenough member 
13. Sandstone, massive, white with rusty streaks, conspicuously cross- 
laminated, coarse-grained, friable; fossils: Taenicephalus, Conaspis 10.2 
11. Sandstone, glauconitic, thin to thick beds, horizontal and cross-lam- 
inated, fine-grained, micaceous near base; fossils: Lingulella, large 
Dicellomus, Billingsella, Pelagiella, Conaspis, Taenicephalus, Wil- 
15 
10. Sandstone and siltstone, interlensing; sandstone, fine-grained, lam- 
inated, micaceous, yellow to gray, moderately glauconitic; silt- 
stone, blue-gray, red in lower foot, micaceous, fucoids along sand- 
silt contacts; fossils in sandstone: Lingulella similis, Billingsella, 
9. Glauconite-clay, yellow-green, studded with large grains of glauco- 
8. Hematite, deep purplish-red, many large grains of glauconite; Bill- 
Ironton member 
7. Greensand, coarse-grained, purplish-brown, cross-laminated, ferru- 
ginous; fossils poorly preserved, Camaraspis, Housia, and others 3.5 
6. Sandstone, coarse-grained, brown, abundant borings, Camaraspis 


5. Sandstone, thick regular beds, varied texture, red-brown, asymmetric 
ripple marks, large vertical borings at top....................... 93 


4. Sandstone, poorly sorted, much very coarse-grained, laminae of 
greenish-blue silt; highly cross-laminated; zones of sandstone 


3. Sandstone, coarse-grained, extremely poorly sorted, massive, cross- 


Dresbach formation, 60 feet exposed 
Galesville member 
2. Sandstone, coarse-grained in lower part, medium above, brown to 
white, cross-laminated; near base, white, silty laminae.......... 45 
Eau Claire member 
1. Sandstone, rather coarse- to medium-grained, white to brown, hori- 


233.6 


3 
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SECTION 15—SOUTH RIDGE ROAD, WILTON 


Cuts along county highway “Z,” measured by W. H. Twenhofel and F. T. Thwaites, 
1916-1917 (in secs. 7, 17, and 18, T. 15 N., R. 1 W.) 


Trempealeau formation, 114 feet 
Madison (?) member Feet 
24. Sandstone, medium-grained, yellowish-gray, horizontally laminated, 
Jordan member 
23. Sandstone, medium-grained, yellow to gray, thick-bedded, decidedly 
22. Sandstone, fine-grained, yellowish-gray, horizontally laminated, fos- 
21. Conglomerate, pebbles of medium-grained white sandstone in gray 
20. Sandstone, fine-grained, friable, yellow, cross-laminated, fossiliferous 1 
19. Conglomerate, pebbles of medium-grained white sandstone in yellow- 


ish-gray medium-grained sandstone 5 
18. Sandstone, fine-grained, friable, cross-laminated, fossiliferous....... 35 
17. Conglomerate, pebbles of fine-grained sandstone in medium-grained 
Lodi member 
16. Sandstone, fine-grained, yellow, thick- to thin-bedded, fossiliferous; 
15. Conglomerate, edgewise, pebbles of yellow sandstone in coarse- 
14. Sandstone, fine-grained, platy, yellow, dolomitic, and siltstone, yel- 
St. Lawrence member 
13. Dolomite, gray; contains Billingsella, gastropods, and Dikelocephalus 1.5 
12. Sandstone, fine-grained, yellow, dolomitic.......................6. 6 
Basal member 


11. Greensand conglomerate interstratified with fine yellow sandstone 
and thin layers of greensand; pebbles both greensand and yellow 


Franconia formation, 158.4 feet 


Bad Aze member 
10. Greensand, medium- to fine-grained, with some thin layers of green- 
Hudson member 
8. Sandstone, fine-grained, gray and brown streaked, glauconitic...... 5 
7. Sandstone, fine-grained, gray to yellow, nodular................... 6.5 
6. Sandstone, fine-grained, yellow-gray, glauconitic, borings........... 5.5 
Goodenough member 


4, Siltstone, micaceous, yellowish-gray, some purple and green seams; 
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Feet 
3. Conglomerate, matrix coarse-grained, red and green sandstone, peb- 


bles dolomitic yellow 5.5 
9 
Ironton member 
1. Sandstone, gray, medium-grained, worm-perforated.......... aes 5 


SECTIONS 16 AND 17—TUNNEL CITY, BEAN’S QUARRY, AND TOMAH WELL 
Cuts on Chicago and Northwestern Railway east and west of Tunnel City, 
Bean’s quarry (NE% sec. 23, T. 18 N., R. 2 W.) and north side city well, Tomah 
(SE% sec. 33, T. 18 N.. R 1 W.). Exposures measured by Twenhofel and 
Thwaites, 1916-1917; samples from well, examined by Thwaites, 1924. 


Trempealeau formation, 119.8 feet 
Madison (?) member Feet 
29. Sandstone, medium-grained, white, case-hardened, cross-laminated.. 2 


Jordan member 
28. Sandstone, coarse-grained, white, cross-laminated, basal 8 feet fine- 


27. Conglomerate, pebbles of fine-grained sandstone up to 3 inches long, 
matrix coarse-grained yellow sandstone.....................005: 3 
26. Sandstone, coarse-grained, white ..................cccecceeeeeeees 8 
25. Sandstone, fine-grained, light gray, soft, thick-bedded, perforated 
by burrows; fossils found 7 feet above base in floor of quarry; 
Lingulella (owent type), norwalkensis sp. nov., Illenurus, Dikelo- 
cephalus, Tellerina, Saukiella, Acheilops, Corbinia, Entomaspis, 
Lodi member 
24. Siltstone, dolomitic, yellow-gray, interbedded with fine-grained white 
sandstone, some cross-lamination; top foot contains what appear 
St. Lawrence member 
23. Sandstone, fine-grained, yellow to gray, nodular, glauconitic, dolo- 
mitic, with a thin conglomerate with pebbles of fine-grained 
Franconia formation, 160.5 feet 
Bad Axe member 
22. Greensand much like zone below but poorly exposed in the dugway 
21. Greensand, medium- to fine-grained, more or less massively bedded, 
burrowed, quantity of glauconite varies in different beds; fossils: 
Dikelocephalus postrectus, Saukiella sp., Illenurus sp. nov....... 29 
Hudson member 
20. Sandstone, fine-grained, yellow, little or no glauconite............. 19 


19. CONCEALED between quarry and railroad cut east of tunnel..... 35 


3 
4 
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Goodenough member Feet 


18. Greensand, alternating with sandstone, fine-grained, white and yel- 
low, cross-laminated with short foresets; a bed 12 feet above base 
contains: Tenicephalus shumardi, Wilbernia, Conaspis perseus, 
17. Siltstone, micaceous, yellow-gray, thin-laminated, Conaspis fauna... 29.5 
16. Greensand conglomerate, much calcite; pebbles. of fine-grained yel- 
low siltstone and sandstone; layers of fine-grained yellow sand- 


stone; fossils: Billingsella, 5 
Tronton member 
15. Sandstone, coarse-grained, yellow, nodular, perforated by large, ver- 
Dresbach formation, 469.5 feet 
Galesville member 
14. Sandstone, medium-grained, white and yellow..................... 27 
13. Sandstone, medium-grained, white, massive beds, cross-laminated, 
thas thin laminae of green shale.................-..ccceeeeeeeees 30.5 
Eau Claire member 
12. Sandstone, yellow, medium-grained, thin laminae of green shale.... 8 
11. Sandstone, thin-bedded, much limonite cement.................... 3 
10. Sandstone, coarse-grained, thin laminae of green shale.............. 3 
9. Sandstone, coarse-grained, white and yellow, heavy beds............ 9 
8. CONCEALED under alluvium between Tunnel City and Tomah.. 143 
Mt. Simon member 
7. Sandstone, medium- to very fine-grained, white to yellow.......... 86 
6. Sandstone, coarse to fine-grained, light gray to white, a few dolo- 
5. Shale, gray, thin red layers near bottom...................00.00eee 10 
4. Sandstone, fine- to coarse-grained, gray; shale, gray............... 20 
2. Sandstone, coarse- to fine-grained, gray; shale, greenish gray and 
1. Sandstone, very coarse- to medium-grained, white................. 30 
Pre-Cambrian granite 


SECTIONS 18 AND 19—COON VALLEY AND VICTORY 
Roadside cliff on northwest side of Coon Valley (NE% sec. 7, T. 14 N., R. 5 W.) 
and ravine in Mississippi River bluff (SW%, NE% sec. 21, T. 12 N., R. 7 W.), both 


measured by G. O. Raasch. 
Victory section 


Trempealeau formation, 172.8 feet 

Madison member Feet 
33. Sandstone, medium-grained, yellow to brown, dolomitic, rather thin 
bedded, lower two feet poorly sorted, with laminae of green shale; 
six feet from base a conglomerate with flat pebbles of fine sand- 


stone; horizontal borings in some layers.....................66+ 19.5 


«< 
4 
' 


Jordan member 
32. Sandstone, medium- to coarse-grained, coarsest at top, white to 
brown, massive, friable, cross-laminated in upper 20 feet.......... 
31. Sandstone, medium-grained, white to light brown, massive, cross- 
laminated in lenticular units of varied inclination, numerous 
30. Sandstone, fine-grained, light brown, horizontal and cross-laminated ; 
top 1.5 feet, has great numbers of borings....................... 
29. Dolomite, gray, sandy, massive, rough weathering; contains un- 
dulatory structures like Cryptotoa. 
28. Sandstone and siltstone, interlaminated, fine-grained, yellow to 
brownish-gray, fucoidal markings, fragments of fossils........... 
27. Sandstone, dolomitic, very fine-grained, buff, partings of siltstone, 
26. Dolomite, sandy, gray, mostly thin-bedded........................ 
25. Dolomite, glauconitic, gray; conglomerate with pebbles like bed 


Lodi member 
24. Sandstone, fine-grained, and siltstone, dolomitic, yellow............ 
23. Sandstone, fine-grained, micaceous, thin-bedded, marcasitic, few 
fossils include Dikelocephalus near norwalkensis................. 
22. Siltstone, dolomitic, very fine-grained, dark gray, non-fissile with 
interlaminated fine sandstone bands toward top; merostomes... 


St. Lawrence member 


21. Dolomite, firm, rather thin-bedded, gray, glauconitic............... 
20. Conglomerate, pebbles ellipsoidal, of greensand and yellow dolomite 
like underlying beds; matrix, calcareous greensand; no pebbles in 


Franconia formation, 182.1 feet 
Bad Aze member 


19. Greensand, much glauconite, somewhat micaceous, laminated; Dike- 
18. Greensand, highly glauconitic, laminated, interlaminated with silt- 
stone, dolomitic, yellowish-gray; surface of beds marked by large 
fucoids; a few bands of fine, yellow, micaceous sandstone; a few 
inches of greensand conglomerate at base; silt mainly in upper 


Hudson member 
17. Greensand, thick-bedded, some beds non-laminated, blotched with 
blue and yellow silts, other beds laminated, much cross-lamina- 
tion; partings of greenish-gray siltstone; near base: Prosaukia and 
16. Interbedded greensand, dirty, streaked and mottled with blue-gray 
silt and sandstone, fine-grained laminated, pinkish-brown and light 
green, somewhat glauconitic and with thin beds of greensand with- 
out silt; partings of siltstone with fucoids occur at some levels; 
laminated part of the sandstone is fossiliferous but no fauna in 
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Feet 


62.5 


215 


66 


38 


20.3 
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lower 8 feet; Ptychaspis striata faunule: P. striata, Idahoia wis- 
consinensis var., Pseudagnostus josepha var., Monocheilus anatina 
(or a new species), “Ellipsocephalus” curtus.............000.005 


Goodenough member 
15. Greensand, silty and apparently completely reworked by bottom- 
14. Sandstone, fine-grained, greenish-gray, micaceous, glauconitic, finely 
laminated; interbedded with siltstone, greenish-gray, dolomitic; 
in upper part some layers are pink and others green; fucoids on 
contacts of sandstone and siltstone; several faunules of Conaspis 
zone: Taenicephalus, Wilbernia, Litagnostus, Pseudagnostus, 
13. Limestone, granular, yellowish-gray, interbedded with dolomitic 
yellow siltstone and calcareous greensand....................... 
12. Conglomerate, pebbles discoid, up to 6 inches in diameter, of lami- 
nated calcareous sandstone like bed underlying, matrix, yellow, 
granular, glauconitic limestone; base of Billingsella beds of 


11. Greensand, calcareous, silty bands and mottlings; horizon of Eoorthis 


Coon Valley section 
Ironton member 
10. Sandstone, medium, yellowish-brown, thick-bedded, cross-laminated, 
fairly well sorted, some glauconite, abundant Camaraspis, Obolus. 
9. Sandstone, thick-bedded, alternations of coarse-grained, cross-lami- 
nated, gray sandstone with large vertical borings and coarse- 
grained, non-laminated sandstone streaked with greenish-gray silt 
7. Sandstone, poorly to well sorted, greenish-yellow to yellowish-gray, 
horizontally and cross-laminated, parts silty, more or less worked 
over by bottom organisms; upper 8 inches contains Lingulepis 


Dresbach formation, 37.2 feet exposed 
Galesville member 
6. Sandstone, fine- to medium-grained, yellowish-gray, massive, cross- 
4. Sandstone, fine-grained, gray-brown, larger grains in groundmass, 
3. Sandstone, fine-grained, yellow to white, well sorted, soft........... 
1. Sandstone, coarse- to medium-grained, white to yellowish-gray, 
poorly sorted, cross-laminated, friable, lenses containing pebbles 
of yellow-brown sandstone and Coosia? sp., Pemphigaspis bullata 
(rare), Pelagiella sp 


Feet 


15 


15 


5.5 
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SECTION 20—DRESBACH, MINNESOTA 


Section in quarries and bluff measured by W. H. Twenhofel and G. O. Raasch, 1933, 
with additional data from Eunice Peterson.” 


Franconia formation, 41.5 feet exposed 


Ironton member Feet 
11. Sandstone, calcareous (calcareous bed).................0.0eeeeeeee 1 
10. Sandstone, medium- to coarse-grained, massively bedded, gray, cross- 
laminated, glauconitic, oboloids near top.....................655 15 
9. Sandstone, medium-grained, light gray, poorly sorted............... 35 
8. Sandstone, fine-grained, yellow to white, evenly horizontally lami- 
Dresbach formation, 106 feet exposed 
Galesville member 
7. Sandstone, fine- to medium-grained, yellow and white, friable, cross- 
Eau Claire member 
Crepicephalus beds 
5. Sandstone, medium- to fine-grained, yellow, glauconitic, massively 
bedded, fossils: Dicellomus politus, Hyolithes primordialis...... 28 


4. Sandstone, very fine- to fine-grained, yellow, more or less thin bedded, 
fossils: Dicellomus politus, Hyolithes primordialis, Lonchocephalus 

3. Shale, gray, sandy, fossils: Dicellomus politus, Lingulella ampla, 
Crepicephalus towensis, Armonia winona, Lonchocephalus minor, 


Hyolithes primordialis, Dresbachia 12 
2. Sandstone, massive, gray, sparingly fossiliferous.................... 3 
1. Shale, gray, sandy, mud cracks, Dicellomus politus................. f 


Level of Mississippi River 


SECTIONS 21 AND 22—GALESVILLE AND TREMPEALEAU 


Section at Galesville near dam on Beaver Creek in NW%, NW% sec. 33, T. 
19 N., R. 8 W.; section at Trempealeau in Bluff in NE% sec. 28, T. 18 N., R.9 W.; 
both measured by W. H. Twenhofel and G. O. Raasch; additional data on Gales- 
ville supplied by Gordon Atwater. 


Trempealeau section 
Trempealeau formation, 157.2 feet 
Madison member Feet 
18. Sandstone, fine-grained, poorly sorted near base, better above, light 
gray; six-inch bed of sandstone pebble conglomerate four feet 


Eunice Peterson: The Dresbach formation of Minnesota, Buffalo Soc. Nat. Sci., Bull., vol. 14 
(1929) p. 30-31. 
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Jordan member Feet 
17. Sandstone, coarse-grained, massive, highly colored with limonite, 
sand-calcite concretions near 66 
16. Sandstone, very fine-grained, silty, massively bedded, non-laminated 
15. Sandstone, fine-grained, dolomitic, thin beds, mottled gray, layers of 
sandstone pebbles; resembles Lodi but contains Zurekia eos...... 1 
Lodi member 
13. Siltstone, laminated, light gray, dolomitic, with thin bands of fine- 
St. Lawrence member 
eray, silty, thin: beds, 75 
Basal member 
11. Greensand conglomerate, pebbles of dolomitic siltstone............ z 
Franconia formation, 134.5 feet 
Bad Axe member 
10. Greensand and siltstone interbedded; some layers of pebbles of silt- 
stone; dolomitic, yellowish-gray to greenish-gray................ 25 
Hudson member 


8. Greensand in thick layers, fine-grained; partings of dolomitic yellow- 
ish-gray siltstone common; fossils: Chariocephalus whitfieldi, 


Prosaukia halli, Ptychaspis miniscaensis, Idahoia hamulus....... 2.5 
Goodenough member 
6. Greensand and glauconitic dolomite in thin layers; sandy layers 
reworked by bottom-dwelling 55 
Ironton member 
Galesville section 
4. Sandstone, coarse-grained, massive-bedded, oboloid fragments...... 10 
Dresbach formation, 167 feet exposed 
Galesville member 
3. Sandstone, medium coarse- and fine-grained, gray to brown, hori- 
zontally laminated, some minor gaps in section.................. 86 
Eau Claire member 
Crepicephalus beds 
2. Sandstone, medium- to coarse-grained, yellow to gray, massive- 
bedded, friable, oboloid fragments...................00ceeeeeees 42 
1. Sandstone, fine-grained, gray to yellow, thin-bedded, shaly, Crepi- 


: 
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SECTION 23—WHITEHALL 


Cuts along highway (on line between secs. 11, 12, 13, 14, T. 22 N., R. 8 W.) and 
Whitehall city well; exposures measured by G. O. Raasch, samples from well 
examined by F. T. Thwaites. 


Franconia formation, 70 feet exposed 
Goodenough member Feet 
13. Upper portion thin-bedded greensand; middle portion laminated 
micaceous sandstone and siltstone; bottom few feet, glauconitic 
dolomite and greensand; fossils at several horizons.............. 25 


Ironton member 
12. Greensand at top underlain by light-colored sandstone with oboloids; 
bulk of the zone is sandstone, mainly an alternation of hard, clean 
layers and tough, lumpy, silt-streaked layers, some with vertical 
borings; lowest beds are poorly sorted, composed of granules and 


Dresbach formation, 454.5 feet 
Galesville member 
11. Sandstone, massive-bedded, friable, cross-laminated in thin, lenticular 
units and in regularly foreset bands up to 10 inches thick; upper 
part is medium- to coarse-grained, white mottled with brownish- 
gray spots; lower part alternating weak and firm bands, rather 
coarse- to very fine-grained, red, brown, yellow and white; com- 


10. CONCEALED including a foot of clean coarse to medium-grained 


9. Sandstone, coarse-grained, porous, friable, brightly variegated with 
yellowish-brown and brown due to iron and manganese oxides; 
poorly sorted near base, better above; foreset bands and un- 
dulatory seams of gray silt; irregular base which contains pebbles 


Eau Claire member 
Crepicephalus beds 

8. Sandstone, light-gray to greenish-gray; rather fine-grained, earthy, 
lower part glauconitic and divided into platy laminae; some cross- 
laminated lenses; oboloids numerous, Lonchocephalus rare....... 22.5 

7. Sandstone, in layers 1 to 6 inches thick, moderately fine-grained, 
glauconitic, greenish-gray, laminated; partings of siltstone with 
rusty fucoids; sandstone has rusty flecks and numerous fossils: 
Crepicephalus sp. nov. Dresbachia amata, Lonchocephalus sp. nov., 


Pseudagnostus, Dicellomus politus, Lingulella phaon var......... 18 
Cedaria beds 


5. Sandstone, medium-grained; light-gray, interlensing with gray silt- 
stone; fossils numerous but fragmentary; Cedaria woosteri, 

4. CONCEALED, mainly by river alluvium...................+.+045. 147 


: 
a 
J 
d 
— 
ig 


GEOLOGIC SECTIONS 1739 


Mt. Simon member Feet 
3. Sandstone, medium- to coarse-grained, gra}..................0..2--- 28 
1. Sandstone, very coarse- to medium-grained, light gray, some fine 


Pre-Cambrian gabbro and granite 


SECTION 24—EAU CLAIRE 


Section in Mount Washington (north part sec. 25, T. 27 N., R. 10 W.), Mount 
Simon (SW%, SW% sec. 8, T. 27 N., R. 9 W.), and Well No. 2, Dells Paper and 
Pulp Company. Sections measured by Twenhofel and Raasch; samples examined 
by F. T. Thwaites. 

Dresbach formation, 304 feet exposed 
Eau Claire member 
Crepicephalus beds Feet 
7. Sandstone, medium- to fine-grained, bedding thick to thin, lenticular, 
shaly partings, some cross-lamination; buff to brown; some glau- 
conite; fossils present particularly in a lens 8 feet above the base; 
Hyolithes primordialis (Hall), “Crepicephalus” danace (Walcott), 
“Crepicephalus” unca (Walcott), Dresbachia amata (Walcott), 
Lonchocephalus chippewaensis (Owen), “Agnostus” sp., Anomo- 
carella volux (Walcott), “Pagodia” thea (Walcott), Coosia connata 
(Walcott), Crepicephalus sp. nov., Dicellomus politus (Hall), new 
species of Obolus, Lingulella, Lingulepis. Exposed in upper 


Cedaria beds 

6. Sandstone, fine-grained, mostly thin, lenticular beds under 3 inches 
thick, light gray to light brown, partings of green silt, some with 
mud cracks; oboloid brachiopods of general occurrence, fossils in 
8-inch layer 10 feet above base: Cedaria woosteri (Whitfield), 
Menomonia calymenoides (Whitfield), Hyolithes primordialis 
(Hall), Obolus namouna (Walcott), Obolus rhea (Walcott), 
Lingulepis sp. nov. Lingulepis cf. acuminata (Conrad). Exposed 
in cliff below upper quarry on Mt. Washington.................. 37 

5. Sandstone, similar to No. 4 but including bands crowded with Obolus 
namouna (Walcott). Exposed in lower quarry on Mt. Washington 


Mt. Simon member 

4. Sandstone, similar to No. 3 but without granules, small vertical 
borings mark tops of beds in upper 20 feet, current ripple marks 
at several horizons. Exposed on Mt. Simon. Corresponding beds 
on Mt. Washington contain sparse oboloid fragments............ 95 

3. Sandstone, coarse- to fine-grained, thick-bedded, much cross-lami- 
nation with steep regular foresets, sorting poor, with bands of 
coarse granules, current ripple marks uncommon. Exposed below 
terrace level at Mt. Simon to 108 
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Feet 
2. Sandstone, coarse to finé-grained, light gray and light yellowish-gray. 
1. Sandstone with granules to 44-inch 3 
Pre-Cambrian granite 


SECTION 25—COLFAX 


Section in quarry of Colfax Stone Company (NE%, NE% sec. 9, T. 29 N., R. 
11 W.), measured by G. O. Raasch. 


Dresbach formation, 31 feet exposed 
Eau Claire member 
Crepicephalus beds Feet 
5. Sandstone, fine- to medium-grained, slightly glauconitic, light gray, 
half inch platy layers; fossils: Lingulella phaon, Dicellomus 
politus, Lonchocephalus chippewaensis, Dresbachia amata, “Pa- 


4, Sandstone, fine-grained, light greenish-yellow, glauconitic thick- 
bedded, green siltstone at top, fossiliferous, average thickness.... 2.9 


3. Siltstone and sandstone interlensing; siltstone, greenish-yellow, sand- 
stone, fine-grained, yellow with brown bands; fossils: Loncho- 
cephalus chippewaensis, Dresbachia amata, Coosia connata, Lin- 

2. Sandstone, fine-grained, earthy, not well sorted, massive with top 
8 feet one bed, white to light brown; fossils: Crepicephalus sp. nov., 
Lonchocephalus sp. nov., L. chippewaensis var., Armonia voluz, 
“Pagodia” sp. nov., Dresbachia amata, Dicellomus politus, Obolus 
matinalis, Hyolithes primordialis, Lingulella sp. nov............. 12 


Cedaria beds 
1. Sandstone, fine- to medium-grained, brown to yellow, obscurely lami- 
nated, mud cracks and symmetrical ripple marks; fossils: Obolus 
namouna, O. matinalis, Cedaria woostert, Menomonia calyme- 


SECTION 26—NEW RICHMOND 
City well drilled in 1932; samples examined by F. T. Thwaites 
Trempealeau formation, 133 feet 


Jordan member Feet 
21. Sandstone, fine- to medium-grained, coarsest on top, light gray, 

20. Sandstone, fine- to very fine-grained, light gray, dolomitic.......... 15 


19. Dolomite, light greenish-gray, sandy...................c0eceeeeees 20 
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Lodi member Feet 
18. Dolomite, dark gray; residue, quartz silt..................0ceeeeee 25 
St. Lawrence member 
17. Dolomite, dark gray to greenish-gray; residue, quartz sand and 
Franconia formation, 170 feet 
16. Sandstone, fine-grained, light greenish-gray, dolomitic.............. 20 
15. Sandstone, very fine-grained, dark green, glauconitic, dolomitic..... 5 
14. Sandstone, fine-grained, green, glauconitic, dolomitic............... 35 
13. Sandstone, fine-grained, light gray, dolomitic, some glauconite...... 45 
12. Shale, light greenish-gray, sandy, dolomitic......................46: 10 
11. Sandstone, fine-grained, gray, glauconitic, dolomitic................ 15 
10. Shale, greenish-gray, sandy, dolomitic, glauconitic.................. 15 
9. Sandstone, fine- to coarse-grained, light gray, dolomitic, glauconitic. 10 
Tronton member 
7. Sandstone, very coarse- to medium-grained, gray................. 10 
Dresbach formation, 252.5 feet known 
Galesville member 
6. Sandstone, medium- to fine-grained, light gray.................2.005 60 
Eau Claire member J 
5. Shale, gray, dolomitic with layers of sandstone, fine, gray, dolomitic. 55 
3. Sandstone, very coarse- to fine-grained, light gray................. 5 
2. Shale, gray and sandstone, medium-grained, light gray............. 5 
Mt. Simon member 
1. Sandstone, coarse- to fine-grained, light gray....................05. 92.5 


SECTION 27—HUDSON 


Section on Highway 35 from junction with Second Street and in adjacent hill 
(NW% sec. 25, T. 29 N., R. 20 W.) measured by W. H. Twenhofel and G. O. 
Raasch, 1934. See detailed section by Wooster.” Well drilled in 1917; poor set of 
samples examined by F. T. Thwaites. 


Franconia formation, 144.6 feet exposed 
Hudson member 
Ptychaspis-Prosaukia zone Feet 
21. Slope below cross on top of hill. Sandstone, dolomitic, medium- 
grained, rather thick-bedded, white to brownish-gray, much bur- 


20. Sandstone, massive-bedded, fine-grained, glauconitic, dolomitic, little 


#L. C. Wooster: Geology of the lower St. Croix district, in Geology of Wisconsin, vol. 4 (1882) 
p. 113-114, 
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19. Sandstone, medium-grained, greenish-gray, irregularly bedded and 
without lamination, filled with burrows containing yellow silt; 2.7 
feet in upper half high in glauconite and well laminated; no fossils 


18. Sandstone, thick-bedded, glauconitic, medium-grained, yellow-gray 
to green, horizontally and low-angle laminated; base is Wooster’s 
zone N; fossils near base: Monocheilus anatina (Hall) var., Wil- 
bernia explanata (Whitfield), Ptychaspis granulosa (Owen) var., 
Ptychaspis sp., “Conaspis” patersoni (Hall), Litagnostus pailis 

17. Sandstone, thin-bedded, fine-grained, yellowish-gray, silty and 
dolomitic; Wooster’s zones L and M; fossils: Wilbernia explanata 
(Whitfield), Wzlbernia sp. nov., M sp. nov., Ptychaspis 
sp. nov., Jdahoia hera (Walcott), Aglaspis sp. nov., Lingulella 


Goodenough member 
Conaspis zone 
16. Sandstone, interlensed yellow glauconitic medium-grained sandstone 
and rich greensand ; bedding irregular, fossils Wilbernia and cystoid 
or crinoid columnals and stems; base of Wooster’s zone L........ 
15. Sandstone, thick-bedded, medium-grained, richly glauconitic, 
greenish-gray to greenish-yellow, horizontally and low-angle lami- 
nated, some parts burrowed and without lamination............. 
13. Sandstone, highly glauconitic, medium-grained, horizontally and 


Ironton member 
12. Sandstone, thick-bedded, medium-grained, rusty-brown, fossils: 
Obolus sp. nov., Linnarssonella girtyi (Walcott), Lingulepis sp.; 


Dresbach formation, 433.4 feet 


Galesville member (possibly in part Ironton) 
10. Sandstone, thick-bedded, medium- to coarse-grained, gray to 
9. Sandstone, greenish-gray to yellowish-gray, silty, fine-grained, no 
8. CONCEALED to junction of Highway 35 and Second Street....... 
7. CONCEALED between level of Second Street and curb of city well 
6. CONCEALED by glacial outwash in well section.................. 


Eau Claire member 

5. Sandstone, medium-grained, light greenish-gray, slightly dolomitic. . 
4. Sandstone like zone 5 but with beds of red shale................... 
3. Sandstone, fine-grained, gray with green specks; layers of gray shale. 


1742 TWENHOFEL, RAASCH, AND THWAITES—CAMBRIAN OF WISCONSIN 
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Mt. Simon member Feet 
1. Sandstone, mostly medium-grained, some beds very coarse-grained, 


Red shale of Red Clastic Series 


SECTION 28—JORDAN AND ST. LAWRENCE, MINNESOTA 


Sections measured by W. H. Twenhofel and G. O. Raasch at St. Lawrence, 
Jordan, and on Van Oser Creek, 5 miles north of Jordan, Minnesota. The gaps 
between these several sections conceal unknown thicknesses of strata. In the 
diagram the several sections have been separated so as to agree with the New 
Richmond well, Section 26. 


Trempealeau formation, thickness unknown 
Jordan member Feet 
12. Sandstone, coarse-grained, yellow to brown, cross-laminated; ex- 
posed with base concealed on Van Oser Creek, top concealed 
there but exposed on edge of Minnesota Valley, a short distance 


10. Sandstone, fine-grained, yellow, soft, exposed at Jordan............ 38 
8. Sandstone, fine-grained, yellow, soft, horizontally laminated........ 21 
7. Conglomerate, yellow and white, fine-grained sandstone pebbles in 

matrix of medium-grained, brown sandstone.................... 5 
6. Sandstone, fine- to medium-grained yellow and brown, soft, cross- 

Lodi member 


4. Siltstone, dolomitic, non-fissile, many layers full of small pebbles, 
5 feet exposed in Sand Creek at Jordan and 10 feet reported in 


St. Lawrence member 
2. Dolomite, fine-grained, crystalline, buff to purple, glauconitic and 
sandy in some beds; basal part conglomeratic with pebbles of 
greensand and fine-grained sandstone in a glauconitic-dolomitic 
matrix, 11 feet exposed in quarries at St. Lawrence, and 25 feet 
reported in a well at Jordan, but doubtful if 25 feet present...... 20 


Franconia formation, 13.5 feet exposed 


1. Sandstone, fine-grained, greenish-gray; glauconitic, thinly laminated 13.5 
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CHARACTERISTIC STRUCTURES OF BASALTIC AND GABBROIC ROCK TYPES 


Photomicrographs arranged so that the axisor the symmetry plane of the structures radiate from 
the center. Note the complete lack of secondary structures in the Tertiary and Recent lava 
series and the increasing intensity of deformation to augen gneiss in the three oldest series. 
(Crossed nicols; radius of circle, 4.5 millimeters.) 
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INTRODUCTION 
GENERAL STATEMENT 


Geologists of the Third Asiatic Expedition of the American Museum 
of Natural History, collected specimens of the igneous rocks from the 
Gobi Desert of Central Mongolia. These represent the range of age 
and type in intrusives of the region. Approximately 175 satisfactory 
specimens were available for study. All were used, but detailed study 
was concentrated on fifty whose relative ages were definitely known. 
These show range in composition during each of several periods of 
important activity. They come chiefly from a zone extending south- 
west from the territory between Mt. Tuerin and Urga, on the north- 
east, to Artsa Bogdo and the Gurbun Saikhan, at the southwest 
(Fig. 1). 

Field studies indicate four distinct age-groups of igneous rocks and 
two additional less definite ones in the western part, between Tsetsen- 
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wan and the Gurbun Saikhan. These groups are the products of dis- 
tinct periods of igneous activity, separated by quiescent stages. A 
variety of rocks, ranging from gabbros and basalts to granites and 
quartz feldspar porphyries, formed during each active period. Surface 
flows, small intrusives, and bathylithic masses are represented; flows 
are more abundantly preserved in the later periods, and bathylithic 
masses are more typical of the early groups. 


GENERAL GEOLOGIC SETTING 


A period of relatively great stability, preceding lower Cretaceous 
time, divided geologic events of the region into an older and a younger 
group. The younger group is recorded in sediments filling depressed 
basins, and the story of the older group can be read in the uplifted 
highlands and sides of the main interior basin of Central Mongolia. 

Basalt, diabase, trachyte, and rhyolite flows and tuffs are inter- 
bedded with the basin sediments. Volcanic necks cut even late Ter- 
tiary deposits, and flows lie between Cretaceous beds. Rocks of many 
necks and dikes outside the basins resemble closely those inside, in 
texture, structure,? and composition, and are probably part of the 
same volcanic series. These igneous rocks are referred to as the 
Tertiary and Recent group. 

Cretaceous and Tertiary basin sediments rest upon eroded edges of 
intrusive porphyries, volcanics, and associated Jurassic red and yellow 
sands, exposed along the trail from Tsagan Nor to Artsa Bogdo.* Basin 
sediments around Tsetsenwan rest upon conglomerate and conglomer- 
atic sandstone, presumably of Jurassic age; these, in turn, overlie 
granite cut by innumerable irregular dikes, predominantly porphy- 
ritic, ranging from basalt porphyry to quartz porphyry.* This group 
of intrusives, which has been called the Serpentform dikes, is older 
than some Jurassic sediments and younger than the granite in which 
they are found; they may correspond in age to the volcanics between 
Tsagan Nor and Artsa Bogdo; they may be an end phase of the granite 
which they intrude; or they may be a unit in themselves, later than 
both the granite and the Jurassic volcanics. Weight of evidence favors 
the last of these interpretations. 

Deep erosion of an anticline of Jurassic volcanics and sediments 
intruded by porphyry, northwest and southeast of Sair Usu, has ex- 


1 Texture refers here solely to the size of the component parts of a structure. 

2 Structure is the term here used to designate the manner of arrangement of units. 

8C. P. Berkey and F. K. Morris: Geology of Mongolia, Am. Mus. Nat. Hist., New York (1927) 
p. 228-229, 

* Op cit., p. 104. 
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posed an erosion surface across the underlying granite and syenite.* 
This granite re-appears at closely spaced intervals over extensive areas 
throughout the region and is intrusive into the Khanghi graywacke of 
late pre-Cambrian age.* Rocks ranging from granite to diabase cut 
the graywacke and are believed to be products of the same period of 
activity, which culminated in invasion by great bathyliths of granite. 
These late pre-Cambrian or Paleozoic intrusives, referred to as the 
Mongolian bathylith, erased much evidence of the earlier history of 
Mongolia. 

Uplifted blocks, such as the Gurbun Saikhan, Artsa Bogdo, Mt. 
Uskuk, and the highland northeast of Tsentsenwan, have sediments 
and igneous rocks more complexly metamorphosed than the granites 
and associated intrusives of the Mongolian bathylith series and seem- 
ingly older than the Khanghi graywacke. Igneous rocks of pre- 
Khanghi age (possibly Wu Tai’ age) are divisible into two groups; one 
has undergone metamorphism approximately equal in intensity to the 
sediments it intrudes; the other shows much less intensive and com- 
plex change. The first, or oldest, of the above groups is referred to 
as “the ancient series,” and the second is called “the femic series” 
because of the abundance of ferromagnesian minerals in representative 
rocks. 

ORDER OF PRESENTATION OF STUDY 

The extended duration of vulcanism in Central Mongolia, the num- 
ber of times that vulcanism became extremely active, and the variety 
of rocks produced during each period of activity, make the petrology 
of the Gobi Desert region extremely complex, systematic description 
of rocks difficult, and the recognized genetic relationships of the rocks 
a rare opportunity for the study of petrogenesis. Description of 
the rocks follows two parallel lines. The petrographic study deals 
with the structure, texture, and mineral composition. However, physi- 
cal conditions surrounding a crystallizing magma, from which rocks 
form, may so modify structure, texture, and mineral composition as to 
cause two rocks, chemically similar, to appear dissimilar and two 
rocks, chemically dissimilar, to appear similar. Meeting these diffi- 
culties requires study which deals with chemical composition, in- 
terpreted in terms of minerals which could form from a solution having 
the composition of the rock. It is assumed that this solution exists 
under temperature, pressure, and mineralizer conditions which give 


5 Op. cit., p. 165-173. 

6 Op. cit., p. 227-228. 

7 Classified as pre-Cambrian by Bailey Willis, C. D. Walcott, Eliot Blackwelder, R. H. Sargent, 
and others: Research in China, Carnegie Inst. Washington, Publ. 54 (1907). 
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rock of granitoid texture. The chemical composition of a rock is the 
same, regardless of the conditions under which it solidified, and, 
therefore, forms a more accurate quantitative basis for comparison 
than is possible by the petrographic method alone. Analyses are neces- 
sary to furnish the basis for this detailed comparison. 

Chemical composition is significant only insofar as it shows, in an 
extremely accurate and detailed manner, the relative abundance of 
minerals that might form under a given set of conditions. The recog- 
nition, by means of petrographic study, of the minerals that form and 
of their structural relations, which are controlled by environment, is 
essential to an understanding of the chemical analyses. The lines of 
study are supplementary, but the continuity is better, and the descrip- 
tion and the comparison of the rocks clearer, if complete petrographic 
descriptions are available before the chemical study is introduced. 
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DESCRIPTIVE PETROLOGY 
GENERAL RANGE 


Each period of igneous activity in the Gobi Desert region, produced 
rocks ranging from a very femic type at one extreme to a very salic 
variety at the other. Relative abundance of types differs from period 
to period; the more highly metamorphosed condition of the Ancient 
series, in comparison with the more recent groups, shows that structure 
changes likewise. Thus, the Ancient series is most highly metamor- 
phosed by mechanical processes; the Mongolian bathylith group is 
most extensive; the Jurassic group of volcanics and intrusive por- 
phyries is most complex; and the Tertiary and Recent lavas show 
least change. For this reason, the Recent lavas yield a satisfactory 
starting point, and the numerous basaltic lavas and volcanic necks 
demand first consideration. 


TERTIARY AND RECENT LAVAS 


Distribution—Young extrusives occur with Tertiary and Recent 
sediments filling down-faulted basins in the old rock floor, chiefly north 
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of Ude, Sair Usu, and Djadochta (Fig. 1). They are essentially unde- 
formed but are associated with fault zones bordering the basins. The 
rocks belong to two types; unusual basalts are abundant at one ex- 
treme, and occasional rhyolites and trachytes form the other. Ande- 
sites have not been found. 


Basaltic rocks—Most basalts are dark but range from black to 
light gray; typically they have red speckles of iddingsite about a milli- 
meter across. A flow pattern appears in parallel arrangement of 
labradorite laths in the coarser-textured types, and of inclusions and 
olivine phenocrysts in finer-textured varieties. Coarse varieties are 
characteristically ophitic. All rocks, especially those from Mt. Uskuk, 
carry abnormally abundant apatite. 

Typical basalt from south of Mt. Uskuk (specimen 292) has crystals 
about one quarter of a millimeter long. Flow alignment of lath-like 
labradorite is conspicuous even to the extent of wrapping around the 
larger equidimensional olivine phenocrysts. Labradorite constitutes 
twenty percent of the rock, ilmenite five percent, and olivine, diopside, 
deep red analcite, carbonate, and andesine, in about equal proportions, 
the rem~‘nder. Euhedral olivine rimmed by orange iddingsite is the 
largest individual mineral, and the enveloping flow arrangement of 
the labradorite shows it to be one of the earliest. Fine granular 
diopside, analcite, carbonate, and andesine are interstitial to the 
labradorite, and ilmenite plates cut all minerals. Labradorite shows 
no alteration or replacement along the boundary with these interstitial 
minerals. Carbonate lacks radiating structure of geode fillings, and 
analcite does not possess the form of crystals made by hydrothermal 
action. On the contrary, all minerals of this group, which are found 
usually in geodes, have relations of products of simultaneous magma 
crystallization about a mat of labradorite crystals. 

A similar, but coarser-textured, ophitic basalt southwest of Mt. 
Uskuk (specimen 394) lacks a flow pattern. Olivine has changed al- 
most completely to iddingsite but is approximately similar in size to 
crystals of specimen 292. Diopside grains are larger but maintain an 
interstitial position. Analcite is bounded by labradorite laths but occa- 
sionally shows polygonal growth-bands conforming to the crystal 
structure; at other places, it is changed to sheaf-like aggregates of 
zeolites. Carbonates are rare in this flow, and ilmenite is equidimen- 
sional rather than platy, and is interstitial to all other minerals. 

Another olivine diabase from the Mt. Uskuk region (specimen 396) 
is texturally similar but lacks flow structure, and the labradorite 
crystals are approximately equidimensional. Olivine is converted 
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almost completely to iddingsite and analcite to dusty translucent and 
sheaf-like zeolites. 

Dense black olivine basalt from Mt. Uskuk (specimen 297) lacks 
the orange speckled surface of the average rocks. Olivine and occa- 
sional diopside phenocrysts make up ten to fifteen percent of the rock. 
Absence of iddingsite rims on olivine accounts for lack of speckling on 
the dark surface. The groundmass is an exceedingly fine-grained 
aggregate of laths and grains of diopside, labradorite, and ilmenite. 
Dark color of the rock is due to the finely disseminated ilmenite. 
Small coarser-textured clear areas in this dark rock are of two types; 
one type has coarse labradorite laths, diopside, and large ilmenite 
grains; the other type has fresh analcite, carbonate, and labradorite 
laths similar to specimen 292. 

Equilibrium of interstitial pyroxene, carbonate, and analcite with 
one another, with the solutions from which each formed, and of all 
with the bordering labradorite, point to a similar magmatic origin. 
External influences should, with equal thoroughness, change olivine 
and analcite in fine- and in coarse-textured rocks. Association of ser- 
pentinization of the olivine phenocrysts and zeolitization of the anal- 
cite with increase in size of the crystals in these basalts show these 
changes to be a function of the time of exposure to magmatic influences 
and link them with reaction and thermal equilibria within the crys- 
tallizing magma rather than with subsequent solutions of outside 
origin. 

A porphyritic basalt (specimen 115) from between Mt. Tuerin and 
Urga lacks analcite and carbonate; it has flow structure, shown by 
aligned labradorite phenocrysts and the smaller laths of the ground- 
mass. The rock has approximately ten percent labradorite pheno- 
crysts and five percent of olivine; the labradorites are the larger, and 
the olivine has changed almost completely to green serpentine rather 
than to red iddingsite. Phlogopite is associated with many serpentine 
areas. A groundmass of labradorite and diopside in about equal pro- 
portions constitutes seventy-five percent of the rock; magnetite, ser- 
pentinized olivine, and abundant apatite make up the remainder. 


Alkalic rocks ——Extremely salic lavas occur along the eastern ap- 
proach to Mt. Tuerin. Flow structure is obscure, and phenocrysts con- 
stitute about fifteen percent of the rock. Small isotropic glass areas 
characterize the alkalic rocks of this period, to which a red ground- 
mass gives color. 

The groundmass of a trachyte (specimen 83) consists of nearly 
equidimensional crystals of orthoclase, lath-like albite, and orange- 
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colored aggregate containing a small amount of glass. Phenocrysts 
average three millimeters across; they are orthoclase principally but 
include albite-oligoclase with zonal structure and olivine converted to 
red and green serpentine. Irregular resorption has destroyed the form 
of many phenocrysts. Inclusions of groundmass in orthoclase pheno- 
crysts are surrounded by a narrow band, paralleling the crystal and 
approximating it in index of refraction and transparency (PI. 154, fig. 
2). This rim seems to represent a diffusion band of materials, to make 
orthoclase, on the growing surface of the crystal; this rim is lacking 
on the outside of phenocrysts. Large apatite crystals, occasional 
zircons, some magnetite, and small clear areas with indistinct limits 
occur in the groundmass (PI. 154, fig. 3). Small parts of these clear 
areas are reddish isotropic material, with low index of refraction; they 
seem to be glass, continuous with the main part of the groundmass. 
Superficially, these areas resemble variolites, but they differ by having 
a higher, rather than a lower, crystallinity than their surroundings. 
Biaxial, prismatic crystals of albite and orthoclase form the principal 
part of the areas which have the appearance of local pegmatites; min- 
eral evidence suggests that alkalies were the mineralizers, and absence 
of steam cavities in the glassy groundmass shows that volatiles could 
not have appreciably »fluenced this local crystallization. 

Rhyolite from this same locality (specimen 94) contains partially 
resorbed quartz phenocrysts in a finely granular base of devitrified 
glass. Many quartz phenocrysts surround small vugs or “negative 
crystals” containing bubbles equal to approximately fifteen percent 
of their volume. These negative crystals are bounded by plane sur- 
faces, paralleling the crystal surfaces of the phenocrysts. Biotite is 
the only dark mineral. 

SERPENTFORM DIKES 

Distribution—Dikes, in great profusion, intrude the crystalline 
rocks of the highlands west of Tsetsenwan (Fig. 1). They form a con- 
spicuous feature of the landscape and have a strike so irregular that 
they have been described as serpentform. Rock types range from 
hornblende gabbro to quartz porphyry. All idiomorphic and hypidio- 
morphic minerals show extensive deuteric changes, where they adjoin 
the interstitial crystal aggregate; much of this aggregate is granular, 
but an almost equal amount is typical micropegmatite. Red halos in 
feldspar and dark pleachroic bands in ferromagnesian minerals sur- 
round zircon and are about 0.04 millimeter wide. 


Hornblende gabbros—Strong deuteric effects, such as sericitization 
and mild saussuritization of plagioclase and uralitization of pyroxene, 
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characterize the green hornblende gabbros. Uralite is irregularly and 
sparsely disseminated through the plagioclase. Coarse euhedral, sub- 
equidimensional labradorite, interstitial pyroxene, and accessory horn- 
blende compose massive, poikilitic hornblende gabbro from northwest 
of Tsetsenwan (specimen 157). Pyroxene has been uralitized and 
faces of the labradorite have been deeply and extensively etched dur- 
ing uralitization, and penetrated by small uralite crystals. Magnetite 
is abundant in both uralite and labradorite. Leucoxene is not uncom- 
mon in the plagioclase. Persistent secondary fractures have two gen- 
eral directions almost at right angles and slight movement along them 
has deformed the uralite together with the other minerals. 

A more massive hornblende gabbro (specimen 162) has pegmatitic 
segregations which sometimes lack definite boundaries; more often, 
these are strictly interstitial to the labradorite and hornblende. Cloudy 
orthoclase, quartz, occasional magnetite, ilmenite, titanite, and apatite 
in granular quartz and micropegmatite make up these pegmatitic seg- 
regations. Rims of orthoclase on sericitized and saussuritized labra- 
dorite and more distant small streaks of micropegmatite border these 
segregations. Hornblende is chloritized adjacent to the pegmatite 
masses. Change from this simple beginning is intense where the inter- 
stitial pegmatite forms a large percentage of the rock (PI. 155, fig. 1). 
Potency of the alkalic, pegmatitic concentrations is amply demon- 
strated by these hornblende gabbros, and the significance of their asso- 
ciated features cannot be overemphasized. 


Rocks of intermediate composition.—A porphyritic hornblende ande- 
site dike of this series (specimen 168) has good flow structure and lacks 
secondary deformation. Over ninety percent of the phenocrysts are 
hornblende; an epidote reaction rim surrounds an equidimensional 
diopside crystal in one place and some epidote areas have the external 
form of diopside crystals. The groundmass is about seventy percent 
andesine and twenty percent amphibole, four percent magnetite, two 
percent carbonate and irregular scattered titanite grains. Carbonate 
is a late-stage mineral, concentrated in interstices between andesine 
laths, and it is exceptional to find it replacing or cutting them to 
microscopic extent. 

Another andesite Serpentform dike (specimen 160) contains quartz 
and sericitized albite-oligoclase phenocrysts, in addition to the horn- 
blende characteristic of the series. Parallel orientation of the major- 
ity of the hornblende crystals indicates flow structure. The horn- 
blende phenocrysts are partly converted to chlorite, but secondary 
structures are lacking in the rock. Hornblende and albite-oligoclase 
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feldspar crystals constitute the groundmass. Feldspars are zoned and 
their interiors sericitized. 


Porphyries—The salic rocks of the series are light gray or red por- 
phyries with fine groundmass. The rocks are usually massive, al- 
though some show flow structure by parallel alignment of enlongated 
crystals. Secondary structures are lacking. 

One feldspar porphyry (specimen 159) shows flow structure by 
parallel arrangement of hornblende and many plagioclase phenocrysts, 
although many of the latter are too nearly equidimensional to bring 
out the structure. The feldspar is zoned aud frequently shows repeti- 
tion of zones of the same composition; the general range is from 
Ab;An, to Ab,An. The hornblende phenocrysts are ragged, extensively 
resorbed, and changed to chlorite. Apatite has erratic distribution. 
Small, slightly sericitized oligoclase and fine granular albite, orthoclase, 
and quartz constitute the groundmass. 

A somewhat similar rock (specimen 168 por.) has more quartz than 
plagioclase phenocrysts and is a quartz porphyry. The phenocrysts 
average four millimeters, and flow structure is absent. The ground- 
mass of the rock is granular albite and quartz, a micrographic inter- 
growth of quartz and feldspar and shreds of greenish biotite after 
chlorite. Zircon, in grains from one hundredth of a millimeter in diam- 
eter to a millimeter, is surrounded by a red or black halo approxi- 
mately 0.04 millimeter wide; the size of the mineral nucleus seems to 
have no effect upon the width of the halo. 


JURASSIC SERIES 


Distribution.—Igneous rocks of the Jurassic group have the greatest 
variety of occurrence, type, and texture of any series. They occur 
from Kalgan, in the southeast corner of the Gobi Desert, to beyond 
Mt. Uskuk, on the far northwest edge (Fig. 1), and range from horn- 
blende gabbros through andesite to quartz porphyry and aplite. They 
are essentially similar to Serpentform dike types except in greater 
width of halos about the zircons. They are found as lavas with fine 
texture, flow, and fragmental flow-top structures. They occur in dikes 
and stocks with textures ranging from microcrystalline to granitoid, 
and even a few bathylithic masses with aplitic texture are known. 


Gabbros and basalts—A representative hornblende gabbro from 
between Ude and Mt. Tuerin (specimen 73) illustrates resemblance to 
@ corresponding one (specimen 162) from the Serpentform dikes; it 
differs only in relative proportions of accessory minerals and the oc- 
currence of titanium in titanite only, and in less clearly defined bound- 
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aries of the micropegmatite and interstitial pegmatite (Pl. 155, fig. 2). 
Labradorite makes up approximately two thirds of the rock, and 
hornblende one third; small labradorite crystals lie as chadacrysts in 
hornblende. Less abundant minerals are orthoclase, quartz, chlorite, 
titanite, magnetite, apatite, and carbonate. Hornblende pseudomorphs 
after pyroxene are numerous, and even this hornblende has passed over 
to chlorite and ragged biotite, in some instances. Irregular titan- 
ite grains resemble the leucoxene areas in uralitized diabase. Labra- 
dorite is saussuritized extensively, and boundaries are indented deeply 
by hornblende, just as they are by deuteric uralite. Intermediate 
stages of change in deuteric aggregates to coarsely crystalline material 
appear throughout the rock; most complete recrystallization is around 
local centers of abundant orthoclase, quartz, and occasional carbonate 
bordered by fresh oligoclase-andesine. Alkalic minerals of these local 
centers are more dispersed and less sharply defined than the interstitial 
segregation pegmatites of specimen 162; nevertheless, the similarity is 
so close that they must be regarded as the product of reaction of the 
bounding crystals with a liquid remaining after pyroxene and labra- 
dorite had crystallized. These products of reaction are the same as 
the normal reaction series of a slowly crystallizing magma. 

A basaltic flow-top (specimen 399) from Mt. Uskuk represents a 
different textural type of the series. Irregular banding and flow ar- 
rangement of minute labradorite laths about autoliths in a dense dark 
base are characteristic. Labradorite phenocrysts are more abundant 
in the autoliths than in the groundmass; abundant minute magnetite 
gives dark color to the groundmass. Mechanical changes are almost 
lacking, and secondary chemical changes are not extensive, although 
epidote is present along a number of bands. 

A uralitized basalt dike (specimen 228), cutting the Mongolian 
bathylith north of the Ongin Gol, represents intrusives mineralogically 
similar to the above flow. Primary flow appears in parallel alignment 
of the labradorite laths, and secondary changes appear in bent and 
broken crystals. Deformation is not limited to local shear planes 
but is general throughout the rock. Labradorite and uralite about 
pyroxene cores are the chief minerals; leucoxene is abundant, and 
magnetite is present. General bending and cracking of crystals is very 
different from the regular set of fissures found in the gabbros of the 
Serpentform dikes; deformation was due probably to a folding move- 
ment which affected the entire rock, rather than to a simple shear or 
fault movement which cracked only parts of it. 
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Rocks of intermediate composition—Rocks of intermediate com- 
position are in small masses and show flow structure. Some have been 
fractured as intensely as basalt and gabbro types; others show no 
secondary fractures. A trachy-dolerite porphyry dike (specimen 17) 
cuts the Mongolian bathylith northwest of Kalgan, and crystals are 
broken as in the dike north of the Ongin Gol, in the diagonally op- 
posite part of the Gobi Desert. Andesine and pyroxene phenocrysts 
comprise about ten percent of the rock. Pyroxene is slightly chlo- 
ritized, and some andesine is saussuritized, but both show slight change 
by comparison with minerals of the gabbros. Chlorite, epidote, and 
leucoxene are abundant. Only laths of minute plagioclase remain 
unchanged. 

A gray diorite porphyry (specimen 356) from south of Mt. Uskuk 
shows flow alignment of oligoclase-andesine phenocrysts. Oligoclase 
and an indeterminate microcrystalline aggregate comprise the ground- 
mass. Apatite and magnetite occur at rather close intervals. Chlorite 
end carbonate aggregates fill spaces having the shape of chlorite. 
Simple filled fractures are the only strain effects observed in this rock. 

A red trachyte (specimen 431x) from Baga Bogdo has a micro- 
crystalline, spherulitic to vitreous groundmass, with ropy flow struc- 
ture outlined by oligoclase and orthoclase phenocrysts comprising 15 
percent of the rock. Oligoclase is twice as abundant as orthoclase. 
Chlorite is frequently pseudomorphous after hornblende. Occasional 
irregular fractures are the only secondary structures. Carbonate re- 
places sections of the phenocrysts and occurs in fresh parts of the 
groundmass. Absence of connections between carbonate areas or with 
an outside source, and the unaltered condition of the surrounding 
groundmass seem to indicate that the carbonate crystallized in place, 
as mineralizers unmixed during solidification. 


Feldspar porphyries and aplites—Alkali feldspar rocks of this series 
are porphyritic or aplitic, the latter type predominating. Secondary 
structures are rare. Radioactive minerals, with encircling pleochroic 
halos in the ferromagnesian minerals and red halos in feldspar, are 
abundant. A faint outer zone, 0.01 millimeter wide, encircles an inner, 
moderately dense zone, 0.04 millimeter wide; these halos are wider, 
by the width of the outer zone, than those of the Serpentform dikes. 

A massive feldspar porphyry, north of Mt. Uskuk (specimen 250), 
shows few secondary structures. Occasional albite and abundant 
orthoclase, up to half an inch thick, are the only observed phenocrysts. 
The albite is extensively sericitized, and the orthoclase has a cloudy 
appearance. Granular quartz and orthoclase, with occasional ragged 
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biotite, compose the groundmass. Scattered titanite and rare apatite 
crystals are present. Only two minute fissures, filled with epidote, 
occur in an entire section of this rock. 

Massive, light red quartz porphyry from the south side of Mt. 
Tuerin (specimen 105) shows the relations of phenocryst growth and 
endothermal sericitization processes so characteristic of early crystals 
in Gobi Desert rocks. Quartz, orthoclase, and occasional albite phe- 
nocrysts are enclosed in a granular, microcrystalline groundmass of 
quartz and feldspar which constitutes 90 percent of the rock. All 
phenocrysts show resorption. Deep embayments of the groundmass 
extend into many quartz crystals; corners of crystals, especially feld- 
spars, are rounded. Orthoclase shows zonal structure by bands vary- 
ing in degree of sericitization. Sericitization of the core of one crystal 
is confined to minute cracks which enlarge where they end at a limiting 
sericite zone (Pl. 156, fig. 1). After sericitization of one band, another 
orthoclase layer has been deposited from the magma. Alternation of 
sericitized and clear feldspar bands in the outer part of the phenocryst 
show repeated disturbance of equilibrium and attack upon crystals 
already formed. The sericite, although secondary to the orthoclase, 
is primary to the igneous rock, having formed while a part of it was 
still liquid. 

The granular groundmass contains a few ragged biotite flakes, much 
dusty magnetite, occasional epidote and apatite, and one medium- 
sized zircon crystal surrounded by a halo, 0.05 millimeter wide. 
Secondary deformation structures are lacking. 

Massive red aplite, south of Tsetsenwan (specimen 189), is the most 
silicic rock of this series. Slightly irregular, reddish, lath-like albite 
crystals lie in granular clear orthoclase and quartz. The rock con- 
tains occasional chlorite, biotite, and magnetite, and small zircon 
crystals surrounded by reddish halos where they lie in feldspar. Every 
zircon is surrounded by a dense inner halo, 0.04 millimeter wide, and 
an outer, less intense one, 0.01 millimeter wide. This is the char- 
acteristic width for halos in rocks of the Jurassic series. 

An aplite (specimen 230) cuts the Mongolian bathylith granite near 
the Ongin Gol; it is a composite of coarse Mongolian granite and fine- 
textured aplite in discontinuous fissures or elongated scalloped re- 
entrants such as characterize emplacement of material by resorption 
or replacement (Pl. 156, fig. 2). The Mongolian granite has lost all 
but the suggestion of massive structure seen in typical form in the 
Baga Bogdo granite (specimen 424). The texture remains coarse, and 
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microcline is the dominant mineral; quartz is the chief additional one, 
but biotite and scattered oligoclase also appear. 

The aplitic fraction of the rock is red, like specimen 189, but is 
finer grained and more equigranular. Orthoclase and quartz were the 
only minerals observed. The process which made this rock may be 
described as chemical, or magmatic, brecciation; even slight pro- 
longation of activity would have destroyed completely all petrographic 
evidence of the composite origin of the aplite. 


MONGOLIAN BATHYLITH GROUP 


Distribution —Outcrops of this rock group are the most extensive 
and numerous observed by the Third Asiatic Expedition; they recur 
outside every basin of sediments from Kalgan to beyond Mt. Uskuk 
in an east-west direction and from Urga, in the north, to the Gurbun 
Saikhan, in the south (Fig. 1); they make sills, dikes, necks, and 
bathyliths, intrusive into the Khanghi graywackes of Proterozoic age. 
Jurassic volcanics overlie them nonconformably, and Jurassic por- 
phyry and aplite intrude them. Granites predominate, but the types 
produced during this period range from gabbros through all interme- 
diate types. Coarse texture is characteristic. 


Gabbro types—The gabbros resemble those parts of the Serpent- 
form dikes and the Jurassic series adjoining interstitial pegmatites. 
Hornblende is a common constituent, and biotite is abundant. Re- 
working by pegmatitic solutions has been sufficiently intense to obliter- 
ate most of the secondary structures. The roocks seem to have de- 
veloped similarly to the Jurassic group, but have changed more during 
the process. 

Green, massive, extremely coarse-textured hornblende gabbro (speci- 
men 205) from between Tsetsenwan and the Ongin Gol contains ab- 
normally abundant biotite. Many parts of the rock have the struc- 
ture of coarse saussuritized aggregates, but the calcic feldspar is 
sericitized and carries scattered pyroxene grains rather than the 
characteristic epidote. Epidote remnants and the structure show that 
this pyroxene recrystallized from epidote of an early saussurite altera- 
tion and left the sericite and more sodic feldspar as by-products. 
Sericite content decreases where the feldspar about small pyroxenes 
is more alkalic and is absent adjacent to an oligoclase-orthoclase mix- 
ture. Quartz grains are numerous where orthoclase is abundant. 
Coarse hornblende is usually the oldest ferromagnesian mineral of 
which any direct evidence exists. Boundary forms of uralite indicate 
original pyroxene, and titanite in amphibole suggests re-organized 
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leucoxene of uralitized pyroxene; amphibole appears to be principally 
recrystallized uralite after pyroxene. Biotite and chlorite form cores 
for idiomorphic amphibole (PI. 155, fig. 3). This change to a more 
alkalic mineral may be due to the influence of alkalic segregation peg- 
matites, which induced such similar intense changes in .the calcic 
minerals. 

A gabbro from Tsetsenwan (specimen 154) differs only in having 
feldspars dominant over the ferromagnesian minerals. Wide reaction 
zones, with indefinite limits, surround the feldspars. 

Coarse, dark green, uralitized gabbro in Baga Bogdo (specimen 428) 
has saussuritized labradorite and andesine crystals two millimeters 
long, and apatite grains, a millimeter in length. Enough pyroxene 
forms remain to show that the prisms were approximately a millimeter 
in diameter. Zonal structure of the former pyroxene is inherited by 
the deuteric uralite. Granular quartz and feldspar and prismatic 
uralite have flowed around augen of andesine. Much uralite is re- 
crystallized to coarse hornblende, lacking cataclastic flow structure 
and bridging some of the deformation zones. This rock records a 
period of uralitization, a period of fracture flowage, and a period of 
recrystallization. 


Diorites and rocks of intermediate composition.—The diorites are 
coarse textured, massive, and greenish gray, due to amphibole, chlorite, 
and mica. Small discontinuous pegmatite streaks and segregations are 
present but cannot be detected in hand specimens. Two specimens 
from the Arctic divide, north of Mt. Uskuk, represent the range; one 
has abundant hornblende and calcic feldspar; the other has few ferro- 
magnesian minerals, more alkalic feldspar, and some quartz. 

The first hornblende diorite (specimen 259) is coarse and massive. 
Andesine is the principal mineral in the rock, but orthoclase is fairly 
abundant; both, especially the andesine, are extensively and irregu- 
larly sericitized. Rough prismatic hornblende surrounds many irregu- 
lar small areas of titanite. Myrmekite-like injections of quartz and 
alkalic feldspar extend from indefinitely limited quartz microcline 
pegmatites. Abundant chlorite is associated with hornblende near 
the pegmatites; chlorite areas have the rough prismatic form and 
titanite inclusions characteristic of the hornblende and appear to be 
more stable than amphibole in the presence of alkalic pegmatitic 
solutions. 

Coarse, massive quartz diorite (specimen 251) has oligoclase and 
orthoclase. Euhedral hornblende is abundant in this more alkalic 
rock but is subordinate to chlorite and biotite, which are often pseudo- 
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morphous after it. Oligoclase shows zoning of both growth and reaction 
types. Feldspars with growth zoning are slightly sericitized through- 
out, whereas those with reaction zoning are sericitized in the central 
core only. The latter lie adjacent to interstitial quartz and orthoclase. 
Quartz and orthoclase areas have the scalloped outline typical of 
corrosion forms with surfaces convex toward oligoclase, a distribution 
which suggests partial resorption of the early minerals in the silici- 
alkalic residue. Carbonate forms a part of the unaltered pegmatite- 
like areas and bordering sericitized calci-alkalic feldspars. Zircon 
is abundant in all ferromagnesian minerals; encircling halos are most 
distinct in hornblende, and are somewhat hazy in leucoxene-bearing 
chlorite and biotite. They are very dense throughout and measure 
0.06 millimeter across, or slightly more than those in the Jurassic series. 


Granites and salic rocks—Granites are the most numerous repre- 
sentatives of the Mongolian bathylith group, and their area of exposure 
exceeds that of any other rock of the Gobi Desert region. They are 
dominantly red, due to an abundance of perthite and microcline, and 
have white spots of sericitized albite-oligoclase. 

The coarse, massive Baga Bogdo granite (specimen 424) is typical 
of the series and is the most remarkable rock brought out of the Gobi 
Desert by the Expedition. It is a binary granite, composed of two 
distinct syngenetic parts. Sericitized oligoclase is surrounded by 
reaction rims of more alkalic feldspar and is enclosed in perthite, 
microcline perthite, and quartz. The oligoclase resembles that found 
in the diorites described under the preceding heading and represents 
the diorite fraction of the rock, in contrast to the other part, which is 
called the pegmatite fraction. The diorite fraction was coarse textured 
and massive. Fractures traverse it and distort the oligoclase twin 
planes. Oligoclase was the principal mineral, with hornblende next 
most abundant; apatite is present. Zonal growth structure in oligo- 
clase is sometimes accentuated, sometimes masked, by extensive seri- 
citization. Hornblende is converted to chlorite-magnetite aggregates 
with amphibole outlines. Zircon and titanite occur in these ferro- 
magnesian areas, whereas only zircon appears in the oligoclase. Pleo- 
chroic halos, 0.06 millimeter wide, surround zircon in ferromagnesian 
minerals, and reddish halos of equal width encircle it in feldspar. The 
pegmatite fraction has four types of contacts with the diorite portion 
(Fig. 2); the first has sericitized oligoclase up to the distinct pegma- 
titic fraction contact; the second has a scalloped border along a clear 
alkali feldspar rim on central sericitized oligoclase; the third is strictly 
gradational from fresh potash feldspar to sericitized oligoclase; the 
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fourth has a band of myrmekite-like streaks of clear alkali feldspar, 
penetrating sericitized oligoclase (Pl. 156, fig. 3). Every type of con- 
tact has structures indicating resorption of solid diorite in the fluid 
alkalic residue which makes up most of the Baga Bogdo granite. The 
pegmatite fraction is coarse and prominently perthitic. Zones of seri- 


Ficure 2.—Camera lucida drawing of Baga Bogdo granite 
Showing types of contact between dioritic and pegmatitic fractions of the rock. 


cite in microcline are out of alignment with its crystal structure or 
fractures, and represent replaced oligoclase. Titanite and apatite are 
lacking in this part of the rock, and in the Baga Bogdo granite they 
are entirely relics of the diorite fraction. Carbonate occurs as a 
primary constituent of the pegmatite fraction and as irregular areas 
in the oligoclase. This type of Mongolian bathylith granite differs 
from the type Jurassic aplite (specimen 230) in texture only; both are 
composite rocks, retaining relic structures of the original rock. 
Massive coarse granite, between the Ongin Gol and Tsetsenwan 
(specimen 207), contains more of the diorite fraction than the type 
from Baga Bogdo. Quartz predominates, and parts of the rock re- 
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semble quartz diorite rather than granite. Zoned oligoclase is seri- 
citized slightly and carries some carbonate; fractures and bent twin 
planes are frequent. Hornblende has changed to chlorite, and even to 
biotite, with titanite and numerous zircon crystals surrounded by 
pleochroic halos, 0.06 millimeter wide. 

Granite from between Urga and Tsetsenwan (specimen 136) repre- 
sents a third variation. Oligoclase of the diorite fraction is more ex- 
tensively sericitized and the hornblende more distorted and more 
changed to ragged biotite, sericite, and magnetite. Quartz, which is 
a minor constituent of the pegmatite fraction of the Baga Bogdo type, 
is approximately as abundant as feldspar. Discontinuous, perthite- 
like streaks of quartz and carbonate, not found in the Baga Bogdo 
mass, occur in the pegmatite portion; they seem to be a late stage of 
this fraction, just as it is a late stage of the entire mass. 

All Mongolian bathylithic granites consist of two parts; one is a 
decidedly dioritic type and is dissolved to varying degrees in the other, 
an alkalic pegmatite. Mineral composition of the diorite fraction is 
essentially the same in all rocks examined, but the feldspar content 
of the pegmatite fraction increases in proportion as the pegmatitic 
part of the rock increases. 


SECOND, OR FEMIC, GROUP OF INTRUSIVES 


Distribution.—Intrusive rocks of pre-Khanghi- age are found in 
early Proterozoic and Archeozoic schists, gneisses, and crystalline lime- 
stones. Ferromagnesian minerals are unusually abundant in all rock 
types, and femic varieties are numerous. The rocks are only slightly 
more deformed than those of the Mongolian bathylith series; some are 
even less so. Halos about radio-active minerals have the same width 
as in the Mongolian bathylith group, but seem to be slightly more 
dense, especially on the outer edges. This series is found in the western 
part of the Gobi Desert region, between Mt. Uskuk and the Gurbun 
Saikhan, at the east end of the Altai Mountains (Fig. 1). 


Gabbro types—Gabbro types are the most abundant in the group, 
and peridotite and pyroxenite of this age rank among the least silicic 
rocks in the collection. A massive, dark green serpentine from Canyon 
Brook in the Gurbun Saikhan (specimen 495) has ghost outlines of 
olivine and occasional pyroxene. Brownish, chrome-bearing spinel is 
the only accessory mineral. The spinel is crushed slightly, and the 
serpentine has parallel shear or schist planes as in verd antique types; 
metamorphism by applied external stress is greater than appears on 
first examination. 
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Coarse pyroxene crystals and occasional calcic feldspar made up a 
massive pyroxenite (specimen 515) from the same part of the Gurbun 
Saikhan. The pyroxene has changed to uralite and hornblende with 
pyroxene shape, and the feldspar to a sericite aggregate. Titanite 
crystals are numerous. Recrystallization has obliterated early frac- 
ture structures. The recrystallized hornblende and sericitized feld- 
spar are crushed and broken along numerous fissures, trending prin- 
cipally along two co-ordinate zones, and small irregular fracture zones 
and strain lines are numerous even in the least broken parts of the 
minerals. Fractures in hornblende are marked by broken parts of 
the mineral and, less often, by chlorite; within the sericite areas the 
fractures are marked by sericite flakes, crystallized perpendicular to 
the fractures. 

The Artsa Bogdo rocks are essentially similar to those of the Gurbun 
Saikhan, even though ultrabasic varieties are not represented in the 
collection and diabase is the dominant type. Deformation structures 
are slight in most specimens, especially in hornblende porphyrite. 

Titanaugite is an abundant, distinctive mineral of a medium- 
textured, massive, olivine diabase from the Artsa Bogdo (specimen 
530). Labradorite-andesine laths make up about 50 percent of the 
rock and penetrate titanaugite, ordinary pyroxene, and serpentinized 
olivine. Parts of the rock contain numerous ilmenite plates similar to 
those of the Recent and Tertiary lavas. Pyroxene is changed to a 
chlorite-uralite aggregate; titanaugite has undergone no noticeable 
chemical change, although it is greatly deformed mechanically. Like- 
wise, laths of andesine are badly bent and broken along closely spaced 
parallel cracks, filled with chrysotile from serpentinized olivine, or 
chlorite from pyroxene, or columnar feldspar and quartz. 

Massive, medium-textured, dark green, uralitized quartz diabase 
from Mt. Uskuk (specimen 285a) represents closely the average rock 
of the femic part of this series, which is only partially ophitic, since 
original feldspars have been saussuritized and partly replaced by 
uralite. Pyroxene has been changed entirely to granular titanite and 
uralite, and this has been converted to hornblende, chlorite, and biotite. 
Secondary deformation following uralitization appears in bent plagio- 
clase laths and numerous filled fractures of a co-ordinate fracture sys- 
tem. Small grains of quartz are scattered through the more intensely 
recrystallized parts of the rock, or fill minute veinlets in massive 
uralite. 


Rocks of intermediate type—Rocks of intermediate type, such as 
porphyrites, andesites, and diorites, show slight deformation only, 
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which is remarkable for a group as old as this one. Residual pegma- 
tites are much less abundant than in the gabbro types. Width of halos 
about radio-active minerals shows that the rocks are as old as those 
of the Mongolian bathylith, and greater density of the halo indicates 
that they are probably older. 

A hornblende porphyrite from the Artsa Bogdo (specimen 487) ap- 
pears almost unchanged by mechanical or chemical agencies and has 
greater resemblance to the rocks of the Serpentform dikes than to any 
other group. Flow structure shows in parallel alignment of pheno- 
crysts of hornblende, comprising about 10 percent of the rock, and of 
equally abundant andesine. All phenocrysts show zonal growth, but 
only the large andesine phenocrysts are sericitized as in other similar 
rocks and have, in addition, hematite, hornblende, and chlorite as 
reaction products. The crystals of the groundmass grade downward 
in size from those almost as large as the phenocrysts to those which 
are just distinguishable as crystals. Two, very small, irregular, fis- 
sures with quartz and feldspar are the only secondary features ob- 
served in this rock. This does not compare favorably with the history 
of deformation and mineral change recorded in the titanaugite diabase 
from the same region, and the rock may belong to the Serpentform 
dike series, to which it conforms closely in composition. 

A granitoid, quartz mica diorite from the east end of the Artsa 
Bogdo (specimen 522) is as completely lacking in secondary structures 
as is the hornblende porphyrite (specimen 487) from the same locality. 
Parallel orientation of feldspars indicates movement during crystal- 
lization. Zonal andesine makes up 75 percent of the rock, and horn- 
blende and biotite, in about equal proportions, constitute most of the 
remainder. One, prominent, highly sericitized growth-zone in the 
andesine separates a slightly sericitized calcic inner core from an 
alkalic outer shell. Hornblende is characteristically in small idio- 
morphic crystals. Biotite and quartz are interstitial to the other min- 
erals and extend, as shallow embayments, into them. Pleochroic halos 
about some zircons are neither wide enough nor dark enough to be 
compatible with a pre-Cambrian age for this rock, and seemingly it 
should be referred to the Serpentform dike series. 


Granitic types—A massive granite on Mt. Uskuk (specimen 285b) 
is the only granite type in the series. Large quartz crystals are scat- 
tered sparsely through a coarsely crystalline pseudo-groundmass. Oli- 
goclase is elongated but has highly granulated borders; large apatite 
crystals are broken to irregular grains. Coarse sericite and epidote 
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grains, both seeming to be primary minerals, are common. The granu- 
lar structure is of autoclastic origin, and the rock has been highly 
recrystallized since deformation. 


FIRST, OR ANCIENT, SERIES OF INTRUSIVES 


Range.—The oldest recognized igneous rocks of Mongolia are in- 
trusive into ancient gneisses corresponding to the Tai Shan complex, 
and are metamorphosed, frequently as highly as the rocks in which 
they occur (Fig. 1). Augen structures are characteristic where they ° 
have not been obliterated by recrystallization, in which case the banded 
structure prevails. Types range from metagabbros to gneissoid granite 
and vary from granitoid to porphyritic in texture. 


Gabbro types.—Metagabbros are not numerous in the collection and 
are usually so changed that their original texture, structure, and min- 
erals are unrecognizable. One representative (specimen 272) from 
the highland along the Arctic divide, northwest of Mt. Uskuk, shows 
sufficient metamorphism to be nearly typical of the series but is not 
changed to such an extent that all original qualities of the rock are 
destroyed. Bands of labradorite and andesine alternate with uralite 
and actinolite after uralite. The original gabbro was uniformly coarse 
and massive, but the present rock is medium textured, due to granula- 
tion by fracture flowage during development of the banded structure. 
Feldspar is in broken equidimensional grains, with occasional large, 
badly fractured ones showing wedge twinning. More granular feld- 
spar is scattered through the uralite and actinolite aggregates. The 
femic minerals show no definite fissures and give evidence of fracturing 
only in their occurrence as coarsely granular aggregates. Irregularly 
rounded magnetite is abundant in the uralite, and apatite exhibits all 
stages of granulation, from hexagonal crystals-to irregularly rounded 
grains. 


Intermediate, or dioritic, rocks——Mica diorite, between Tsetsenwan 
and the Ongin Gol, shows less extensive deformation than the meta- 
gabbros or the granites, but only remnants of the early minerals 
exist as cores surrounded by alkalic rims of reaction origin. All earlier 
deformation structures have been erased during this reaction process. 
Later secondary structures are limited to fractures, bent grains, and 
wedge twinning in feldspars, and contrast strongly with the pronounced 
fracture flow structures of other rock groups of this series. Mica is 
mainly a recrystallization product of chlorite derived from amphibole. 

Massive, coarse-textured mica diorite, west of Tsetsenwan (speci- 
men 286), is composed of about 80 percent andesine, and hornblende 
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and biotite in equal proportions. The andesine crystals are loosely 
interlocking, coarse, elongate forms; alkalic reaction rims and deep 
resorption embayments mark their contact with interstitial quartz. 
Hornblende lacks crystal form characteristic of primary igneous am- 
phiboles and was recrystallized from some older ferromagnesian min- 
eral. Chlorite and biotite leaves and aggregates along hornblende 
cleavages indicate change of amphibole to these minerals. Epidote 
displaces some biotite leaves and replaces others; it seems to repre- 
sent a further change in the ferromagnesian series. Magnetite, apatite, 
and granular titanite are rare accessory minerals. 

Diorite, south of Tsetsenwan (specimen 565), is similar, except that 
the feldspars show numerous reaction zones; original sericitized feld- 
spars and structures have been almost completely destroyed. Inter- 
stitial quartz is slightly more abundant and sends more numerous and 
extensive shoots into the surrounding minerals. 


Granites and quartz porphyries—The granites and porphyries of 
this group have a wide range in type and degree of secondary structural 
change. Microcline is the characteristic potash feldspar; crushed or 
shredded biotite is the dominant ferromagnesian mineral. Zircon with 
attendant halos is abundant in granodiorite only, but this-rock is so 
close to the main Mongolian bathylith granite that the halos may be 
partly destroyed by recrystallization of the minerals in which they 
occur. 

Massive granodiorite from the complex, west of Tsetsenwan (speci- 
men 204), is one of a series of small sheets injected into the gneiss. 
Sericitized oligoclase makes up the main part of the rock and is sur- 
rounded and corroded by quartz and fresh microcline and replaced by 
myrmekite-like streaks of alkali feldspar. Chlorite is the most abun- 
dant ferromagnesian mineral, but hornblende and epidote are both 
present. Chlorite and hornblende contain zircon with pleochroic halos 
varying from 0.05 to 0.06 millimeter wide; these are decidedly less 
dense, except around the larger radio-active minerals, than they are 
around similar minerals in rocks of the Mongolian bathylith granite. 
Minute parallel veinlets filled with quartz are the only secondary struc- 
tures. Neither this rock nor that represented by specimen 529 pos- 
sesses any petrographic feature differentiating it from the Mongolian 
bathylith granite. 

The gneissoid granite of Artsa Bogdo (specimen 529) has a diorite 
fraction similar to that of the above type, but it contains a much larger 
proportion of the pegmatite fraction. Banded structure is preserved 
in parallel shreds of biotite, but coarse microcline, quartz, and perthite 
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pegmatites cross and cut up the banding so much that they mask its 
presence, and in places the solutions that made them have changed the 
biotite to a muscovite-magnetite mixture. Zircon in biotite is sur- 
rounded by a medium dense pleochroic halo, 0.06 millimeter wide. 
Perthite streaks in the pegmatites contain quartz and carbonate, in 
addition to the usual albite. Concentration of carbonate into crystal 
interstices, places it as an extreme end product of the pegmatites, an 
occurrence which has been outstanding in the rocks of the Gobi Desert 
region. 

Gneissoid granite, west of Mt. Uskuk (specimen 274), is a different 
type. It has zoned feldspars extensively sericitized and replaced on 
their borders by an alkalic type. Pleochroic halos about zircon in 
biotite are 0.06 millimeter wide and are so dense that they are opaque 
in all except their outer rim. Most of the original minerals are bent 
and broken along approximately parallel shear structures and granu- 
lated zones, and the amphiboles are drawn out into long shreds and 
recrystallized to biotite. Quartz and microcline pegmatites occupy 
these parallel fissures and have all the border replacement phenomena 
observed along similar pegmatites in Baga Bogdo granite. Pegmatites 
are spread along many channels provided by fracture flowage. The 
texture is medium fine. Dissemination of the pegmatites seems to have 
prevented nearly complete resorption of the older minerals of this rock. 

Similar cataclastic structures, such as are found in the Ancient 
series only, characterize a quartz porphyry from the Gurbun Saikhan 
(specimen 522). Augen of broken and bent oligoclase and quartz are 
numerous. Resorption contacts between quartz phenocrysts and the 
groundmass appear at intervals in the least deformed parts. Fracture 
flowage is most intense in the fine granular groundmass and along 
sericitized fracture planes. The rock contains no pegmatite, as indi- 
cated by the absence of complex structures and coarse textures; this 
conforms to the general observation, that it is only in the very large 
intrusives that enough of these residues become collected to produce 
a notable effect. 

OUTSTANDING FEATURES OF MONGOLIAN ROCKS 


Progressive decrease in intensity of metamorphism with decrease in 
age is one notable feature of intrusives of this region. The two early 
series have augen structure as a characteristic feature; the two inter- 
mediate series have co-ordinate fracture systems as a common occur- 
rence; and the two youngest series show almost no deformation. By 
contrast, effects of residual pegmatites, under similar environmental 
conditions, are more pronounced in younger than in older rocks; narrow 
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dikes of the Serpentform series have wide reaction zones, and even 
lavas of the Recent series possess marked pegmatitic areas, surrounded 
with reaction effects and replacement structures. 

Pegmatites are responsible for all potash feldspar and most of the 
chlorite and biotite in the granodiorites and granites of the region. 
Every rock of this class consists of a diorite fraction quite distinct and 
slightly, but definitely, older than a later pegmatite fraction. The ex- 
tensive Mongolian bathylith granite and the Jurassic bathylithic 
aplite-like rocks are outstanding illustrations of the composite origin 
of the silicic rocks of this region. 


CHEMICAL PETROLOGY 
METHODS OF COMPARISON 


Petrographic study indicates slight variation in mineral composition 
of corresponding rock types, from earlier to later periods, but leaves 
reasonable doubt whether rocks of different ages possess real differ- 
ences in material make-up. Most comparison difficulties are due to 
environment effects on mineral formation during magma crystalliza- 
tion. Chemical methods of comparison disregard environmental 
factors, but, because of environmental factors, it is difficult to select 
specimens for comparison; two rocks similar in appearance may differ 
notably in composition, and it is almost impossible to select specimens 
so similar that they can be compared directly and the extent of differ- 
ences be determined. This is especially true when specimens are col- 
lected to represent the range of rocks of a region, as was done by the 
Third Asiatic Expedition, rather than for comparative study. There- 
fore, both petrographic methods and the use of single analyses en- 
counter difficulties, and some other principle is essential in order to 
study relations and essential differences between similar rock types 
belonging to two different periods of igneous activity. 

Iddings® found that comparison of rocks was facilitated by plotting 
analyses on rectangular co-ordinates, with silica as abscisse and the 
other constituents as ordinates. Variation of any constituent, relative 
to the variation of silica, is represented by a line joining adjacent 
plotted points for all analyses of a series of rocks. These graphs are 
called magma variation curves. Iddings compared the rocks of two 
regions by superimposing the variation diagrams for each and observ- 
ing the similarities and differences. The six sets of lines involved in 
comparison of the six series of igneous rocks of Mongolia became con- 


8 J. P. Iddings: Some examples of magmatic differentiation and their bearing on the problem of 
trographical provinces, Cong. Geol. Intern., 12th Sess., C. R. (1914) p. 209-228. 
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fused in this method of comparison. Instead of superimposing the 
curves, comparison at frequent intervals may be made by measuring 
each ordinate at a definite abscissa distance (silica composition) and 
plotting these ordinates against period of activity or locality as ab- 
scisse. The slope of the line joining adjacent points represents the 
rate of change in the constituent, relative to the interval in miles or 
time or period of activity or other unit represented by the abscissa 
distance. In the cases to follow, variation of a constituent in rocks of 
the same silica content, from one series of igneous rocks to another, 
is shown. The method allows comparison of series of rocks, but not 
of individual specimens, by reference to a common basis—in this case, 
silica content. The method is more flexible and mechanically simpler 
of application than Iddings’ method. These graphs are referred to as 
magma comparison curves. 
CONSTITUENTS OF IGNEOUS ROCKS 


Fourteen constituents are determined in most analyses of igneous 
rocks. These fall into three distinct groups; the first contains the chief 
constituents of the accessory minerals; the second, the constituents of 
the common essential minerals; and the third, the variables or dis- 
tinctive constituents of the residual pegmatites and their reaction 
products. 

Group 1.—Minor, or distinctive, constituents of accessory minerals—TiOz, POs, 
and MnO. 

Group 2—Major, or distinctive, constituents of primary essential minerals—Al.0s, 
Fe.0s, FeO, CaO, MgO, K;0, and Na,O. 

Group 3.—Variable, or distinctive, constituents of the residual pegmatite minerals 
—CO:, H:0, and —H:0. 


Analytical determinations are more accurate for the minor constitu- 
ents than for either of the other groups. Also, the minor constituents, 
TiO, and P.Os, occur in a limited number of minerals; crystallization 
is less disturbed by complex equilibria that take place between the 
common minerals; and variation of these constituents is simplest. This 
threefold division is distinctive as well as convenient, but the final 
result obtained from a study of each division is essentially the same. 

The minor constituents are the distinctive parts of accessory min- 
erals, which petrographers have used frequently in an attempt to dis- 
tinguish groups of intrusives. They are also constituents which can be 
determined with greatest accuracy, especially TiO, and MnO, which 
can be estimated to 1 in 10,000 by colorimetric methods. These con- 
stituents rarely exceed two percent of a rock, so that variation is likely 
to be overlooked in an ordinary petrographic study. 
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The major constituents make up the common minerals of igneous 
rocks. They cannot be determined to the same degree of accuracy as 
the minor constituents, limit of accuracy being about 1 in 300, or even 
lower in the case of some. In contrast to the minor constituents, they 
are so abundant that it is difficult to estimate the quantity present by 
petrographic methods; many are isomorphous in minerals and cannot 
be estimated from a petrographic examination. This is especially true 
of the FeO, CaO, MgO, and Na,O, K.O groups or combinations. Silica 
with which all other constituents are compared, can be determined to 
an accuracy of 1 in 500. Lime can be determined to about the same 
degree of accuracy, but it requires extreme care to determine the other 
components to a degree of accuracy of 1 in 100. 

The variable constituents form an important part of the late stage 
minerals and reaction products of the residual pegmatites, and occur 
in biotite, analcite, chlorite, uralite, and carbonates. These constitu- 
ents can be determined to moderate accuracy, but the great mobility 
of that part of the magma which contains them, and its tendency to 
diffuse outward from the intrusive, causes extremely variable results, 
which, in the absence of other evidence, would be considered unreliable, 
even in a qualitative way. They are seldom present in amounts over 
one to two percent. 


CONSTITUENTS OF MONGOLIAN ROCKS 


General Statement.—The amount of the fourteen principal constitu- 
ents of igneous rocks has been determined for forty-six representative 
rocks of the Gobi Desert region. The analyses are grouped statistically 
in tables corresponding to the six series of igneous rocks described 
petrographically in preceding pages; also, they are recorded graphically 
on magma variation curves (Figs. 9 to 14) which enable one to visualize 
with little effort the change of all constituents relative to silica. 
Magma variation curves of a series, for example the Mongolian bathy- 
lith group, show a number of abrupt changes in slope. These abrupt 
changes are related to mineral changes in the rocks, and a note on the 
mineral significance of these changes in the slope of the curves is, 
therefore, in order, so that the reader may understand more clearly 
the significant features of the analyses, when reference is made to them. 


Minor constituents—The minor constituents are P.0;, MnO, and 
TiO,. Minerals of Mongolian rocks containing TiO., the most abun- 
dant minor constituent, are titanite (CaO.SiO.TiO.), ilmenite (FeO.- 
TiO,), and titanaugite in one rock only. These minerals occupy the 
interstices between labradorite, olivine, and pyroxene in gabbros and 
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diabases, and begin to be less common in diorites; they are entirely 
lacking in the pegmatite phase of the granites, at one extreme, and in 
the serpentinized peridotites, at the other. Chief occurrence of titan- 
ium minerals between early gabbro minerals, or even replacing them, 
indicates its concentration into the residual liquid pegmatite, resem- 
bling quartz diorite and influential in changing gabbros to diorites. 
Therefore, maximum TiO, of a series of related rocks may be consid- 
ered as marking the transition from gabbro to diorite. For example, 
rocks of the Mongolian bathylith group having maximum TiO, con- 
tain 53 percent SiO, and are gabbro and diabase bordering on diorite. 

Apatite (3(CaO.P.0;).Ca(Cl,F).) is the only phosphorus-bearing 
mineral found in these igneous rocks; it is most abundant in the last 
parts of gabbros to crystallize and appears rarely in the more alkalic 
pegmatites. Consequently, rate of decrease of phosphorus pentoxide, 
relative to SiO., is not so pronounced as that of TiO., but this constitu- 
ent has the same significance as TiO., and maxima indicate transition 
from gabbro to diorite types. 

Manganous oxide is not identified with any individual mineral or 
mineral group. However, the ratio of MnO to FeO is significant and 
lies between 0.016 and 0.035 in twenty-eight rocks containing between 
one and fourteen percent FeO. The close similarity of variation of 
MnO to that of FeO and the dissimilarity to variation of any other 
constituent suggest that MnO and FeO are isomorphous in rocks of 
Mongolia. 


Major constituents —The major constituents are Al,0O;, FeO, Fe.0s, 
CaO, MgO, K.O, and Na,O. Pyroxene, hornblende, chlorite, biotite, 
sericite, and muscovite contain alumina. Aluminous varieties of these 
minerals appear in dioritic or more salic rocks and constitute less than 
ten percent of them; rocks containing over ten percent of such minerals, 
such as the gabbros, carry nonaluminous or very low alumina varieties. 
Therefore, alumina in ferromagnesian minerals cannot affect by one 
percent the amount in a rock, an amount which is insufficient to change 
the form of the variation curve. Aluminous minerals present in suffi- 
cient quantity to affect the amount of alumina in a rock include the 
ealcic and alkalic feldspars. Gabbros are characterized by the alu- 
minous calcic feldspars and fifty percent, or more, of low alumina 
ferromagnesian minerals; hence, alumina in these rocks is usually less 
than half the alumina in a pure calcic feldspar, or under fifteen per- 
cent. Occasional gabbros consist chiefly of calcic feldspar, producing 
a peak in the alumina curve and a low point in the FeO and MgO 
curves. Commonly, pyroxenites are low in alumina and rich in ferrous 
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oxide and magnesia. Variety among low silica rocks causes the gabbro 
part of the alumina curve to be extremely irregular, but low as an aver- 
age. Diorites are composed of calci-alkalic feldspar with low per- 
centages of pyroxene and hornblende in the femic types, and quartz 
in the salic varieties. These composition changes cause no notable fluc- 
tuations in alumina, which remains almost constant throughout the 
diorite stage, as represented by the long flat upper part of the magma 
variation curve for this constituent. Potash feldspars become abun- 
dant, to the near exclusion of calci-alkalic types when CaO, FeO, MgO 
make up less than 10 percent of the rock, and the alkalies increase. 
Change from oligoclase, or even soda feldspar, to potash feldspar—from 
a diorite to a granodiorite—results in a decrease of 2.5 to 1.1 percent 
alumina for the same feldspar content; this is evident on the curve, in 
a downward slope followed by flattening through a narrow silica range. 
Flattening shows prominently at 65 percent silica in the case of the 
Mongolian bathylith group (Fig. 5). The change from soda to potash 
is seldom complete, even in most potassic granites or granodiorites, so 
that the drop in the curve rarely amounts to over 1.1 percent. Most 
silica of a rock in excess of seventy percent occurs as quartz, and the 
apparent diminution of alumina in more siliceous rocks is due to dilu- 
tion of a constant amount by quartz; therefore, the curve slopes down 
at about forty degrees or almost at right angles to silica variation 
plotted relative to silica. Consistency in slope of the alumina curve in 
low silica rocks indicates passage from gabbro to diorite, and the steep 
continuous drop in rocks of high silica content shows the transition of 
granodiorite to granite. Change from diorite to granodiorite is seldom 
prominent enough to be noticeable, or else it merges with the change 
from granodiorite to granite. 

Lime is an essential component of calcic feldspar, calci-alkalic feld- 
spar, hornblende, chlorite, biotite, and muscovite. High lime minerals, 
such as calcic plagioclase and pyroxene, are the chief ones in gabbros 
but are rare in salalkalic rocks or granites; low lime minerals, such as 
chlorite, biotite, and muscovite, make up less than ten percent of 
granite, so that lime is necessarily low. Ultrabasic differentiates, con- 
taining olivine and serpentine, also have low lime. Hornblende and 
calci-alkalic feldspar are the dominant minerals of diorites; both are 
lower in lime than the corresponding minerals in gabbros, but are 
higher than those in the granites. Accordingly, maximum lime is char- 
acteristic of gabbros; beginning of the decrease in lime with the in- 
crease in silica corresponds to the transition from gabbro to diorite. 
Flattening of the lime variation curve frequently occurs in highly 
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silicic rocks and marks complete conversion of hornblende to chlorite 
and biotite at the beginning of the granitic stage. 

Ferrous and manganous oxides and magnesia occur in the same min- 
erals, so that similarity in their variation curves is expectable; FeO 
is present to the exclusion of MgO in magnetite, forming up to four 
percent in some rocks, and olivine, low in iron compared to magnesia, 
predominates in others. Total iron content is always low, and maxi- 
mum FeO is only approximately equal to magnesia for the same rock. 
Minerals containing both constituents include pyroxene in gabbro, 
hornblende and chlorite in diorite, and biotite and muscovite in granite. 
Rocks from the Gobi Desert region have great variation in ratio of 
calcic to femic minerals in gabbros and basalts, and, if one is high, the 
other is low, and vice versa. Such variation in proportions of minerals 
was not found in rocks more silicic than gabbro, so that high, but 
variable, FeO and MgO may be considered characteristic of the gabbro 
end of a series. Hornblende formed in the salalkalic or granitic magma 
phase reacts with alkalies to give chlorite, biotite, and muscovite. Con- 
tinuous decrease of FeO and MgO with increase in silica is expectable 
from the minerals present, independent of the relatively low number 
of ferromagnesian minerals. Feldspar reaches maximum silicity at the 
granite stage, and femic constituents are not diluted to the same degree 
by combined silica, so that FeO and MgO cease to decrease rapidly, 
and the curves flatten out. 

Ferric oxide shows less critical or consistent variation than any other 
constituent and is present in relatively small amounts. It occurs in 
iddingsite, biotite, muscovite, and magnetite, and its variation may 
have a certain significance interpreted from occurrence of these min- 
erals. However, cases on record show internal primary oxidation of 
ferrous to ferric iron, and irregularity of variation may be due to 
irregularity in the magnitude of this change. In any event, variation 
changes so for each type of rock that interpretation of the curves is 
uncertain. 

Soda and potash occur in alkalic feldspars, biotite, and muscovite 
and, to lesser extent, in hornblende and chlorite. These minerals are 
rare or almost lacking in gabbros and basalts and become abundant 
only in granites. Soda is more abundant than potash, in minerals with 
low total alkali, as well as in the feldspar accompanying them; whereas, 
potash predominates in high alkali minerals (soda feldspar excepted) 
and in the feldspar accompanying them. Highest alkali content, rela- 
tive to other bases and maximum K,0O, occurs in the feldspars and is 
found in rocks such as granodiorite and granite, so that high, or in- 
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creased, alkalies may be considered as the granite index. Prominent 
rise in the alkali curves, especially potash, indicates approach of the 
granite stage. Increase of silica as quartz dilutes these constituents 
as well as all others, and, thus, there is a gradual decrease, with further 
increase in silica, from a maximum at about 65 percent silica. 


Variable constituents —Variable constituents include moisture, water 
of combination, and carbon dioxide. Moisture ranges from nothing 
to 0.30 percent, except for the rapidly cooled rocks, chiefly lavas, 
where the amount is greater, due to occluded globules. This is the 
least variable of the variable constituents and is too small in quantity 
to affect materially the slope of curves, except in the most salic Ter- 
tiary and Recent lavas. Water of combination makes up the major 
part of the variable constituents; it is contained in deuteric and late 
stage minerals, such as uralite (maximum 1.80 percent), chlorite (max- 
imum 14 percent), biotite (maximum 4.4 percent), muscovite (max- 
imum 6.2 percent), paragonite and sericite (maximum 5.2 percent), and 
analcite (maximum 9 percent). Carbon dioxide is the third variable 
constituent; it occurs in carbonates, which are the extreme end-stage 
products of residual pegmatites. Carbonates are minor rock com- 
ponents, except in the Tertiary and Recent lavas and, to lesser extent, 
in the Serpentform dikes and Jurassic series. 

The hydrous and carbonate groups of minerals are associated with 
residual pegmatites and occur either in them or as a reaction product 
along their margin. Volumes of water and carbon dioxide larger than 
the amount held in these minerals were necessary to retain the minerals 
in solution; these variables escaped from the crystallizing magma and 
may have played an active part in the production of pegmatite injec- 
tion borders and contact zones around the edges of the intrusive masses. 
A picture of the formation of a residual pegmatite, as worked out from 
the petrographic study, is essential in order to see how this residual. 
pegmatite product will appear in a chemical analysis of arock. Petro- 
graphic study showed that crystallizing magma surrounded parts of 
the liquid phase enriched in mineralizers by removal of anhydrous, 
encircling pyroxene and plagioclase, especially during the late gabbro 
and diorite stage, when many fine-textured intrusives and extrusives 
form. Imprisoned mineralizers reacted with pyroxene, olivine, horn- 
blende, and calcic plagioclase surrounding them, and were retained as 
a part of the rock. Interstitial pegmatite effects and myrmekite-like 
structures show that mineralizers react in greatest abundance during 
the formation of salalkalic rocks and leave behind alkali feldspar and 
sericite. Minerals with a narrow equilibrium range with water and 


| 
| 
4 


1776 G. W. BAIN—MONGOLIAN MAGMAS 


carbon dioxide are rare in salalkalic rocks, so that, notwithstanding 
the great concentration of mineralizers and the amount escaping at 
this stage, only small amounts are retained. The maximum amounts 
retained may be expected at the balance point between degree of con- 
centration, instability of existant minerals, and the ease of this dis- 
charge; all petrographic evidence indicates that this is at the initial 
stage of development of fluid salalkalic or dioritic and granitic magma; 
this stage is so indicated by maxima on the variation diagrams. 


ANALYSES OF IGNEOUS ROCKS OF MONGOLIA 


General statement.—Petrographic descriptions began with Recent 
and Tertiary lavas, because they had been subjected to the least pos- 
sible change by external dynamic forces. Petrographic study and field 
work indicated the possibility that successive magmas of the Gobi 
Desert region might be modifications of one another or of the earliest 
recognized group. With this possibility in mind, composition char- 
acteristics of the earliest, or Ancient, series are presented first; the 
others follow in their age sequence, so that any similarities or varia- 
tions may be traced from one to the other in orderly succession. 
Analyses and magma variation curves are given in age-groups corre- 
sponding to those of the petrographic descriptions. 


Ancient series—Analyses of seven representative rocks of the An- 
cient series, from localities indicated on Figure 1, are given in Table 1 
and are recorded graphically on the accompanying magma variation 
curve (Fig. 3). Constituents are plotted as ordinates relative to silica 
as abscissa; this plan is followed for all diagrams representing varia- 
tion in composition for rocks of each series. 

The total amount of variable constituents decreases continuously, 
relative to silica, from the gabbro to the granodiorite stage and then 
increases rapidly in granites. Minor constituents show regular con- 
tinuous decrease from a maximum in the most femic representatives. 
All later series of igneous rocks have a maximum in the basic types, and 
content decreases in the gabbroic and ultrabasic varieties, at one 
extreme, and in salic rocks, at the other. Ancient series, ultrabasic 
rocks of low titanium dioxide content are lacking in this collection. 

Alumina decreases continuously toward the silicic end of the curve, 
indicating, as in the case of the minor constituents, absence of speci- 
mens representing part of the gabbroic phase and femic differentiate 
of the magma. Decrease of this constituent between the granodiorite 
and granite stages is very marked, due to change of dominant feld- 
spar. Lime, magnesia, and ferrous oxide decrease continuously to the 
granodiorites, but, due to replacement of calcic feldspar and pyroxene 
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with alkalic types, rate of change becomes less rapid with further 
silica increase. Soda and potash increase to the same stage, and de- 
crease with further rise in silica content due to dilution of feldspar 
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Ficure 3.—Magma variation curves for the Ancient series of Mongolia 


with quartz. Ferric oxide behaves irregularly but remains low in 
all rocks. 


Second, or Femic, series——Analyses of six representative rocks of 
this group of intrusives, from localities shown on Figure 1, are given 
in Table 2 and are plotted on the accompanying magma variation 
curves (Fig. 4). 

The variable constituents, chiefly water, show decrease with increas- 
ing silica in rocks of granodiorite or more femic composition. Com- 
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plete variation could not be determined because of lack of specimens 
of granite. The femic facies is well represented in this series and con- 
tains only small quantities of the minor constituents. These increase 
to a maximum at 45 to 48 percent silica and drop off with further 
silica increase. Maxima representing the gabbro to diorite transition 
occur nearer the granitic end than they do in the Ancient series. 


Taste 1—Analyses of rocks of the Anctent Series 


Per cent per specimen 
Constituents 
No. 552 | No. 274 | No. 529 | No. 565 | No. 206 | No. 272 | No. 204 
ere 77.41 | 70.07 | 71.51 | 56.79 | 55.33 | 45.32 | 68.70 
‘Cee 11.99 | 15.94 | 15.13 | 18.48 | 17.31 | 19.16 | 15.83 
See 0.80 0.66 0.05 1.93 0.39 0.00 0.87 
Se 0.47 1.04 1.23 4.31 5.06 8.94 1.68 
_ SAPP 0.37 0.25 0.40 3.78 5.15 7.98 0.95 
OSS eer 0.51 1.44 1.01 6.51 7.78 | 12.47 1.60 
__. Sry 3.10 5.54 3.21 3.56 4.19 1.60 4.32 
_ ere 3.13 3.98 4.32 2.10 0.94 0.73 2.69 
HgO-........... 0.08 0.22 0.20 0.20 0.13 0.22 0.12 
1.36 0.58 1.02 0.95 0.95 1.42 0.35 
ery 0.18 0.26 0.25 0.89 1.01 1.90 0.58 
0.22 0.033 | 0.362] 0.05 0.143 | 0.106} 0.00 
0.143 | 0.095} 0.00 0.219 | 0.28 0.597 | 0.102 
0.00 tr. tr. 0.024} 0.114] 0.150] 0.09 
‘Ll eer 99.76 |100.11 |100.30 | 99.74 | 98.78 | 99.70 | 99.38 


552—Gneissoid quartz porphyry from the Gurbun Saikhan. 

274—Gneissoid granite from west of Mt. Uskuk. 

529—Gneissoid biotite granite from narrow dike, cutting gneiss of Artsa Bogdo. 
565—Quartz mica diorite from between Djadochta and Tsetsenwan. 

206—Mica diorite from Mt. Uskuk. 

272—Metagabbro from west of Mt. Uskuk. 

204—Granodiorite from between Tsetsenwan and the Ongin Gol. 


Alumina increases to a maximum at the same silica content as the 
minor constituents, but marked decline toward the salic end does 
not begin in rocks more femic than granodiorite. Lime and ferrous 
oxide reach a maximum in rocks slightly less silicic than those with 
most abundant minor constituents. Magnesia decreases continuously 
with increase of silica. Both soda and potash increase to a maximum 
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in the diorites and granodiorites. Soda attains a maximum in some- 
what more femic rocks than does potash. Ferric oxide varies irregu- 
larly but remains relatively low in all rocks. 

Specimen 522 may belong to this series, and the analysis is included 
in the table but is omitted from the curves because of the doubtful 
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Ficure 4.—Magma variation curves for the second, or Femic, series of Mongolia 


age of the intrusive. Its chemical composition is simila* to that which 
is characteristic of a sub-province of the Tertiary and Recent lava 
series. Constituents present in amounts typical of the Tertiary and 
Recent lavas include total variables, TiO., MnO, CaO, MgO, and total 
alkalies. Components present in amounts not greatly different from 
those typical of Tertiary and Recent lavas include P.O; and FeO. 
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Mongolian bathylith group—Source of representative rocks of this 
series is shown on Figure 1. The rocks are relatively silicic, as can 
be seen from analyses given in Table 3 and plotted on the magma 
variation diagram (Fig. 5). 


TaBLe 2.—Analyses of rocks of the Second, or Femic, series 


Per cent per specimen 
Constituents 
No. 285b} No. 522 | No. 285a| No. 487 | No. 530 | No. 495 | No. 515 
Oo 69.34 | 57.21 | 58.83 | 48.71 | 47.56 | 37.07 | 41.65 
A Cee 16.56 | 12.29 | 15.65 | 19.95 | 13.05 0.58 | 15.16 
1.84 5.99 1.41 0.00 6.05 3.55 3.87 
ee 1.00 5.12 4.74 8.63 6.78 3.37 7.96 
eee 0.69 2.89 4.38 6.29 §.28 | 40.27 | 11.01 
2.66 4.00 6.89 8.73 | 14.97 0.33 | 13.47 
OS eee 3.80 6.45 3.76 2.72 1.89 0.32 1.40 
2.43 1.09 1.80 2.10 0.77 0.21 0.27 
er 0.34 0.31 0.24 0.17 0.31 0.87 0.25 
eee 1.18 1.07 0.92 2.35 4.36 | 12.81 3.65 
ses cheeses 0.39 2.02 1.33 0.69 1.96 0.00 0.00 
0.057 | 0.126} 0.037 | 0.166] 0.057} 0.186 | 0.07 
US 0.00 0.172 | 0.147 | 0.40 0.40 0.00 0.00 
tr 0.175 | 0.105 | 0.167 0.147; 0.155] 0.167 
100.29 | 98.80 {100.24 |101.28 |102.79 | 99.72 {100.14 


285b—Quartz porphyry from Mt. Uskuk. 

522 —Hornblende diorite from Artsa Bogdo. 

285a—Uralitized quartz diabase from Mt. Uskuk. 

487 —Hornblende porphyrite from Artsa Bogdo. 

530 —Titanaugite diabase from Artsa Bogdo. 

495 —Serpentinized dunite from Canyon Brook in the Gurbun Saikhan. 
515 —Pyroxenite from Canyon Brook in the Gurbun Saikhan. 


Water is the chief variable constituent, and the sum of all variable 
constituents attains maximum value in rocks of diorite composition. 
Continuous regular decrease is coincident with further increase in 
silica. Content of each of the minor constituents varies, relative to 
silica, similarly to that of the preceding series, although the minor con- 
stituents attain a maximum in rocks much higher in silica and decrease 
to mere traces in the granites. 
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The alumina curve has the same general form as those for both 
preceding magmas, and approximates a maximum, representing the 
gabbro to diorite transition, at about the same place as the maximum 
for the minor constituents; the drop from diorite to granodiorite, due to 
change from calci-alkalic feldspar to alkalic feldspar, and also from 
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Figure 5.—Magma variation curves for the Mongolian bathylith group 


granodiorite to granite, due to quartz dilution, is evident. Magnesia 
varies in the same manner as in preceding series and decreases rapidly 
to a low percentage in diorites; in granites the decrease is continuous, 
due to replacement in minerals by alkalies, to almost nothing. Lime 
is present in slightly greater amounts than magnesia, and the curves 
follow parallel courses. Ferrous oxide is intermediate between CaO 
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and MgO, but the maximum seems to be in rocks rich in minor con- 
stituents and to lie within the range of specimens of the collection. 
Alkalies increase with silica, up to the granodiorite stage; potash in- 
creases more than soda, which shows a slight decrease in the extreme 
silicic members of the group, due to replacement of soda feldspar by 
potash feldspar and to dilution of feldspars by quartz. Variation of 
ferric oxide is somewhat similar to ferrous oxide but is erratic. 


Taste 3.—Analyses of rocks of the Mongolian bathylith group 


Per cent per Specimen 
Constituents 
No. 424 | No. 104 | No.’251 | No. 259 | No. 154 | No. 205 | No. 136 | No. 207 | No. 428 
Mrs siname 67.01 | 54.90 | 65.71 | 61.41 | 53.13 | 51.61 | 76.00 | 70.61 | 52.99 
BiWe......5.. 15.44 | 17.90 | 15.34 | 17.34 | 15.72 | 11.50 | 12.96 | 15.56 | 11.59 
Fex03....... 0.90 | 10.03 0.00 0.40 0.87 0.00 0.01 0.34 2.10 
AE 1.90 2.61 3.60 4.83 6.40 6.69 1.00 1.37 | 13.99 
MgD........ 0.73 0.27 2.54 3.24 6.58 | 11.34 0.13 1.28 4.83 
OS 1.26 0.33 3.86 5.36 7.48 | 12.63 0.86 2.26 6.77 
NagO....... 5.57 6.93 4.09 3.02 3.41 2.85 4.53 4.97 2.58 
BW... 0005% 4.15 5.35 2.56 1.96 2.30 0.83 3.83 2.23 0.71 
HyO—...... 0.16 0.20 0.10 0.16 0.26 0.00 0.11 0.20 0.17 
er 1.33 0.64 1.29 1.80 0.97 1.27 0.28 0.74 2.09 
ere 0.44 0.33 0.62 0.77 1.80 0.35 tr. 0.48 2.04 
0.03 0.033 | 0.203 | 0.194] 0.11 1.105 | 0.043 | 0.116 | 0.103 
0.178 | 6.00 0.092 | 0.095 | 0.77 0.111 | 0.00 0.079 | 0.465 
0.027 | 0.234] 0.061 | 0.135 | 0.175 | 0.137 0.02 0.036 | 0.224 
Total..... 99.13 | 99.79 | 99.97 {100.81 | 99.97 {100.42 | 99.77 {100.27 /100.65 


424—-Binary granite from Baga Bogdo. 

104—Sericitized syenite from Mt. Tuerin. 

251—Quartz mica diorite from the Ongin Gol. 

259—Quartz diorite from near the Ongin Gol. 

154—Quartz mica diorite from Tsetsenwan. 

205—Hornblende gabbro from between Tsetsenwan and the Ongin Gol. 
136—Biotite granite from near the Tola River. 

207—-Granodiorite from between Tsetsenwan and the Ongin Gol. 
428—Uralitized quartz gabbro from Baga Bogdo. 


Jurassic sertes—Analyses of typical rocks belonging to what has 
been called the Jurassic series, taken from the localities shown in Fig- 
ure 1, are given in Table 4 and plotted on the variation diagram 
(Fig. 6). 

The variable constituents attain a maximum in dioritic rocks of 
about the same silica content as in the preceding group and decrease 
continuously with increase or decrease in silica. In the three preceding 
series, maximum content of minor constituents appears in successively 
more silicic rocks, representing a spread of the gabbro-diorite bound- 
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ary. Maxima of the minor constituents are pronounced in this group 
but come in a more femic part of the series than they do in the case 
of the Mongolian bathylith group, indicating more limited variety to 
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Ficure 6.—Magma variation curves for the Jurassic series of Mongolia 


gabbroic rocks. This marks a reversal in the migration of maximum 
content of the minor constituents. 

Alumina begins to decrease in rocks of a lower silica content than 
in the case of preceding series, showing greater variety and earlier 
appearance of alkali feldspar compared with rocks containing them. 
Lime diminishes continuously, but at a decreasing rate, with increas- 
ing SiO,. Ferrous and ferric oxide attain a maximum in those rocks 
richest in the minor constituents. This is true, also, for the magnesia 
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of that part of the Jurassic magma represented on the curves; mag- 
nesia undoubtedly increases in ultrabasic members which are lacking 
in the collection. Potash exceeds soda for the first time, and then in 
high silica rocks only. Soda increases rapidly to a maximum in dioritic 
magmas and diminishes in the granodiorites and granites. Potash, on 


Taste 4.—Analyses of rocks of the Jurassic series 


Per cent per Specimen 
Constituents 
No. 189|No. 250/No. 356|/No. 365) No. 73 |No. 399] No. 17 |No. 105|No. 228/No.431x 
SRP 75.55 | 72.28 | 63.73 | 61.21 | 49.91 | 52.44 | 60.31 | 73.85 | 53.20 | 65.95 
ME. sen eke 12.76 | 13.38 | 16.36 | 17.28 | 16.41 | 15.95 | 14.75 | 12.94 | 16.36 | 15.39 
0.62} 1.07] 1.42] 0.96| 3.95] 7.80] 2.37 | 0.53] 1.00; 1.00 
0.90} 1.94] 2.65] 4.13] 6.21] 3.60] 0.85 | 6.92] 2.51 
0.14} 0.26] 1.67] 1.93 | 5.86] 3.35] 3.46] 0.26] 5.75] 0.68 
CaO.... 0.22 | 0.57 | 2.64] 5.67 | 9.75 | 8.27] 6.71 1.27 | 10.90} 1.86 
4.48 | 3.75 | 6.51] 4.78] 3.19] 2.68] 1.93 | 3.34] 1.79] 5.44 
3.60 | 5.27] 2.92] 1.34] 1.10] 1.64] 2.03] 4.33 |] 1.08] 4.63 
0.20} 0.28] 0.31 | 0.11 | 0.23] 0.07] 0.28] 0.10} 0.17] 0.12 
0.70} 1.13 | 1.75 | 2.02} 1.47] 1.90] 2.39] 0.36] 1.34] 1.62 
0.23 | 0.46] 0.31 | 0.68] 1.25] 2.04] 0.91 | 0.30} 1.44] 0.64 
0.03 | 0.03 | 0.063} 0.803) 0.306) 0.133) 0.695) 0.133) 0.093) 0.919 
0.00 | 0.00 | 0.083} 0.109) 0.331) 0.503} 0.497) 0.00 | 0.111] 0.103 
tr 0.035} 0.10 | 0.075) 0.133) 0.085) 0.123) 0.09 | 0.087; 0.031 
99.43 100.46 |100.51 |101.15 |100.10 |100.46 | 99.68 | 98.40 |100.24 /100.91 


189—Aplite from south of Tsetsenwan. 

250—Feldspar porphyry from near the Ongin Gol. 
356—Feldspar porphyry from southwest of Mt. Uskuk. 

365—Saussuritized tuff from southwest of Mt. Uskuk. 
73—Hornblende gabbro from between Ude and Mt. Tuerin. 

399—Vitrophyric basalt from southwest of Mt. Uskuk. 
17—Pyroxene andesite from northwest of Kalgan. 
105—Feldspar porphyry from Mt. Tuerin. 

228—Uralitized diabase from the Ongin Gol. 

431x—Andesite vitrophyre from Baga Bogdo. 


the other hand, increases to the less silicic granites and decreases 
slightly with further dilution by quartz. 

Major features of the magma variation curves of the Jurassic series 
do not differ greatly from the preceding series, but differences in detail 
show the composition of the Jurassic magma to be more complex than 
that of any of the preceding groups. At least two rocks of diorite 
composition (specimens 365 and 356) found southwest of Uskuk, have 
a slightly lower TiO, content than the average rock of the series. Also, 
the points representing the lime content of the various specimens lie 
along two definite curves rather than along a single one. However, 
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if the two TiO, curves and the two CaO curves are drawn, one TiO, 
line will pass through points representing composition variation of 
rocks whose lime values lie on two curves. The differences themselves, 
therefore, are considered too slight and inconsistent to be evidence of 
two magmas, but they may indicate initial development of sub- 
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Ficure 7.—Magma variation curves for the Serpentform dike series of Mongolia 


provinces in a major one. It should be recalled that petrographic evi- 
dence has been presented showing that Recent and Tertiary lavas of 
the Mt. Uskuk region differ, as a group, from lavas of the Mt. Tuerin 
section, in features which cannot be explained on the basis of physical 
environment. These districts seem to represent subprovinces, within 
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the major region under study, which had their birth in the Jurassic 
period of activity. 

Serpentform dikes.—Field and petrographic evidence seems to date 
the Serpentform dikes as younger than the so-called Jurassic series; 
their magma variation curves differ to great enough degree to dis- 
tinguish them from other magmas of central Mongolia. Their position 


Taste 5.—Analyses of rocks of the Serpentform dike series 


Per cent per Specimen 
Constituents 
No. 168 por. | No. 159 | No. 168 | No. 162 | No. 160 | No. 157 
Sree 75.84 68.57 54.54 48.01 60.57 47.98 
rer 13.05 16.66 17.26 15.58 17.23 18.52 
0.00 0.29 1.58 3.23 0.28 1.09 
i 1.18 1.52 3.46 6.11 4.03 6.78 
| Se 0.16 0.99 3.89 6.01 4.53 8.13 
OSS ee 0.10 2.91 5.83 8.40 4.80 13.12 
See 3.67 4.97 4.85 3.80 3.00 2.32 
ae 4.71 1.80 2.55 2.39 2.25 0.36 
H,O-........ 0.14 0.24 0.61 0.19 0.19 0.20 
0.54 1.16 2.11 1.91 1.59 1.69 
Per 0.15 0.39 1.34 2.80 0.84 0.59 
0.033 0.106 0.98 0.053 0.10 0.111 
| 0.00 0.029 0.816 1.41 0.419 0.156 
_ Ore tr. 0.03 tr. 0.186 0.126 0.17 
eee 99.57 99.67 99.73 | 100.08 99.96 | 100.21 


168 por.—Quartz porphyry from near Tsetsenwan. 
159—Albite porphyry from near Tsetsenwan. 
168—Hornblende andesite porphyry from near Tsetsenwan. 
162—Hornblende gabbro from near Tsetsenwan. 
160—Hornblende andesite porphyry from near Tsetsenwan. 
157—Hornblende gabbro from near Tsetsenwan. 


is indicated on Figure 1, and analyses of representative specimens are 
listed in Table 5 and are shown on the magma variation curves (Fig. 7). 

The variable constituents attain a maximum in very femic rocks. 
Otherwise, variation is similar to that in preceding series. Minor 
constituents attain a maximum in even less silicic types than in the 
preceding groups of intrusives. Content of all three minor oxides has 
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increased greatly. Rise from the femic end to the maximum is abrupt, 
and the decline to the silicic end gradual. 

Alumina attains a maximum in rocks with slightly higher SiO, than 
those carrying maximum minor constituents; it changes slightly, except 
in granitic types in which it is greatly diminished. The sudden de- 


Taste 6.—Analyses of rocks of the Tertiary and Recent Lava series 


Per cent per Specimen 
Constituents 
No. 88 | No. 394| No. 292] No. 115} No. 297 | No. 396 No. 94 
WM sidivic evans 65.43 | 49.61 | 47.86 | 47.34 | 48.29 | 47.96 | 72.84 
ae 15.90 | 16.90 | 14.27 | 17.53 | 15.29 | 13.34 | 13.64 
re 3.43 2.47 3.49 2.27 3.49 4.67 1.09 
ee 0.52 5.59 5.88 8.86 6.49 5.74 0.62 
| 0.52 4.19 6.69 4.29 8.35 4.30 0.29 
re 1.97 7.75 | 10.16 7.82 | 10.88 | 11.02 0.60 
CL ee 4.76 3.87 3.62 3.62 4.79 3.68 1.42 
ee 5.35 2.61 1.44 1.37 1.25 2.14 6.63 
Ce (ee 0.24 0.44 0.37 0.47 0.17 0.71 0.75 
Eee 0.59 2.12 1.54 1.89 2.24 2.74 1.34 
Se 1.07 2.74 2.88 2.80 2.27 3.14 0.47 
0.03 0.457 | 1.488] 0.083 | 0.083} 0.15 0.067 
0.398 | 0.845] 0.895 | 1.355] 1.05 0.86 0.00 
0.00 0.13 0.182} 0.205 | 0.17 0.112} 0.06 
TO ies 100.21 | 99.73 |100.72 | 99.91 | 99.81 {100.56 | 99.85 


88—Trachyte from near Mt. Tuerin. 
394—Analcite diabase from near Mt. Uskuk. 
292—Carbonate diabase from Mt. Uskuk. 
115—Olivine . abase from between Mt. Tuerin and Urga. 
297—Olivine +' ase from Mt. Uskuk. 
396—Porph» «ic olivine basalt from Mt. Uskuk. 
94—Rhyolit. from near Mt. Tuerin. 


crease in lime with increase in silica at the gabbro-diorite transition 
stage is more pronounced than in the earlier series, and the remaining 
part of the curve is flatter than for any of the earlier magmas, showing 
a parent magma decidedly deficient in this constituent. Magnesia and 
ferrous oxide diminish with increase of silica, as in earlier series, but 
less regularly; both constituents are high in a rock of dioritic composi- 
tion. Potash increases slightly, and soda remains almost constant, 
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except in a high iron, dioritic rock, in which it is low. Ferric oxide 
increases at first but decreases continuously from the maximum. 


Tertiary and Recent Lavas.—Most of the lavas have a basaltic com- 
position, but two salic ones are included in the collection. Analyses 
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Figure 8.—Magma variation curves for the Tertiary and Recent lava series of Mongolia 


of seven, from localities indicated in Figure 1, are given in Table 6 and 
the variation in composition is represented in Figure 8. 

Variable constituents attain a maximum in silicic basalts. The high 
content in rhyolite is due to liquid inclusions in quartz phenocrysts and 
in glass surrounded by quartz. Minor constituents show their charac- 
teristic increase from the femic end to a peak, followed by a gradual 
decrease in more silicic rocks. The TiO, maximum is in rocks even less 
silicic than those in any preceding series. Manganous oxide and phos- 
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phorus pentoxide reach a maximum in even less silicic rocks than does 
TiO,. All attain higher percentage than in any preceding series. 

Alumina, lime, magnesia, and ferrous oxide show, in a general way, 
the same variation as in the previous groups. However, basaltic rocks 
around Mt. Uskuk are much higher in lime and magnesia and lower in 
ferrous iron than the average of the series. This chemical distinction 
of the Uskuk lavas coincides with the petrographic distinctions already 
noted and seems to set them aside as a sub-province of this general 
region. 

SIGNIFICANT FEATURES OF MAGNA VARIATION CURVES 

General form of the curves.—Detailed features of the magma varia- 
tion curves of the six series of Mongolian rocks may be classified for 
systematic presentation under three headings. 

1. General form of the curves. 

2. Striking changes of variation. 

3. Slight variation in amount of constituents from series to series. 

The general form of variation curves for all six series is strikingly 
similar. Alumina remains almost uniformly high through the ten to 
twenty percent silica rarge of the diorites; lime, ferrous oxide, and 
magnesia decrease at progressively diminishing rate through this same 
range. Ferrous oxide and magnesia are approximately equally abun- 
dant, but lime predominates over both. This general variation and 
proportion of the various constituents found in the six series of igneous 
rocks from Mongolia might seem to be typical of any series. Com- 
parison of magma variation diagrams for different regions, such as the 
Gobi Desert (Figs. 3 to 8), the igneous rocks of Sudbury in Ontario 
(Fig. 9), and the Cortlandt series of New York (Fig. 10), or for any 
other region which the writer has studied, shows each region to have 
its own individual characteristics. The highest part of the alumina 
variation curve for the Sudbury intrusives is more prominent and exists 
through a narrower silica range than it does for the Cortlandt series or 
for any of the series from Mongolia. Proportions of constituents, as 
well as shape of the variation diagrams, vary for the three regions; 
FeO is more abundant than lime in both the Sudbury and the Cort- 
landt intrusives and is less abundant in the Mongolian rocks. Ob- 
viously, the general form of variation curves for series of Mongolian 
rocks is not a type for all igneous groups, and variety in magma varia- 
tion diagrams is limited only by the number of regions represented. 
Detailed form of the magma variation curve is due to a set of condi- 
tions peculiar to a region and the materials that compose it rather than 
to general conditions of magma crystallization. 
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Striking change of rate of variation relative to silica —Rate of varia- 
tion of any constituent, relative to silica, changes sharply at one or more 
points on each curve, in accordance with change in the mineral forming 
at the silica concentration represented. Stages of rock development 
back of these sharp variations have already been noted but are re- 


|__| \ 


hen 
15 SQ 
10 
5 
5 30 


PERCENT S102 


Ficure 9.—Magma variation curves for the igneous rocks of Sudbury, Ontario 
This is a high ferrous iron type of magma variation curve, 


viewed summarily for convenience and to show their relationships in 
different series. 

Minerals containing titanium dioxide and phosphorus pentoxide 
attain maximum abundance in the interstitial parts of ordinary gab- 
bros and basalts or in the more silicic types of these rocks. They 
diminish in abundance in rocks with more alkalic minerals, on one 
hand, and with more femic ultrabasic ones, on the other; maximum 
content marks approximately the division between rocks tending 
toward the granite end of a series, at one extreme, and toward the 
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peridotite end, at the other, with a slight tendency to favor the liquid 
residues or granodiorite end fraction. . 

* Alumina has at least two prominent changes in rate of variation and 
sometimes a third, less distinct one. The first change of slope of the 
variation curve is at the transition from gabbro to diorite types and 
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Ficure 10.—Magma variation curves for the Cortlandt series of New York State 


is brought about by decrease of ferromagnesian minerals and simul- 
taneous increase of feldspars. The second change of slope occurs at 
the diorite to granite transition due to dilution of feldspar by quartz. 
A third slight change of slope is associated with the second; it is 
related to decrease in amount of alumina in the rock at the transition 
of very aluminous feldspars of diorites to the low alumina alkalic 
feldspars of granodiorite. Lime has one sharp break in its variation 
curve, where it flattens appreciably, coincident with disappearance of 
lime-rich pyroxenes and calcic feldspars in diorites and the appearance 
of more alkalic types and quartz in granodiorites. Occasionally, a 
second noticeable flattening of the curve takes place at the grano- 
diorite-to-granite transition. Ferrous oxide and magnesia show sharp 
change in rate of variation at approximately the same points as lime, 
but vary slightly, due to occurrence in a different mineral group. Soda 
and potash increase to a maximum in granodiorite and decrease to 
granite, due to dilution of alkalic minerals by quartz. Two significant 
points might be anticipated on the curve for the alkalies—first, where 
they attain a maximum value and, second, where they begin to de- 
crease, due to excess silica as quartz. Incidentally, these points are 
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found to lie so close together on variation curves that, for all practical 
purposes, they coincide. 

Variable constituents as a group increase to a maximum where con- 
centration is balanced against amount escaping; this concentration is 
chiefly in late-stage residues, and escape is largely from fluid alkalic 


TaBLe 7—Variation of significant points on TiO: curves 


Per cent SiO, point 
Age of maximum TiO, 
Mongolian bathylith 53 


pegmatites responsible for the majority of granitic minerals. Maxi- 
mum content may be considered as the earliest beginning of this fluid 
granitic stage. Silica percentages at which these significant points 
occur on the variation diagrams are given in tables 7 to 16, and the 
general trend of variation of the significant points, from period to 
period, is indicated. 

Variation rate of titanium dioride—Maximum TiO, occurs at 53 
percent silica for the Mongolian bathylith group. Decrease to the 
ultrabasic rocks on the one hand and to the diorites on the other is 
rapid, but at a diminishing rate with increasing SiO,. Series of rocks 
earlier than the Mongolian bathylith group have maximum TiO, in 
rocks of progressively lower silica content; series of rocks later than 
the Mongolian batuylith group, likewise, have maximum TiO, in 
progressively less silicic rocks. Progression of the highly titaniferous 
rocks of a series into more silicic types up to the major, or Mongolian 
bathylith, invasion and retrogression to less silicic varieties in more 
recent groups is a striking feature of the variation. 


Variation rate of phosphorus pentoride—Variation of the position 
of significant points relative to silica on the P,O, curve is similar to 
that representing TiO,. 

Variation rate of alumina.—Change from gabbro to diorite follows 
the same rule of progression and retrogression as that for the minor 
constituents; on the other hand, change from diorite to granite occurs 
in less silicic rocks in later series than in earlier. Range of the diorite 
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stage, as measured by silica range, is diminished, and that of granite 
extended, in younger series. 


Variation rate of lime.—Steepening of the curve is evident at 53 
percent silica in the case of the Mongolian bathylith group, due to 


Taste 8.—Variation of significant points on P:O; curves 


Age Per cent SiO: point 
of maximum 
Mongolian bathylith group... 53.2 
‘Terdary 6nd .. 47.5 


feldspar and hornblende becoming more alkalic and impoverished in 
lime as silica of a diorite increases. The lime curve indicates that the 
change from gabbro to diorite is at the same point as it is for all con- 
stituents previously mentioned. Dilution of residual pegmatites of 


Taste 9.—Variation of significant points on alumina curves 


Per cent SiO, point of abnormal change 
Age 
Increase Decrease 
(gabbro to diorite) (diorite to granite) 
42 70 
Mongolian bathylith group......... 53.2 65 and 71* 
53.2 65 
Serpentform dikes................. 50 68.5 
Tertiary and Recent lavas......... 50 65 


* Both diorite and granodiorite points showa on curves. 


the granodiorite stage, by quartz, causes diminution in lime, but this 
is offset somewhat by the carbonate content. Slope of the lime curves 
flattens out at 70 percent SiO, in the case of the Ancient series and at 
65 percent silica for the Jurassic series, indicating the beginning of 
the granodiorite and granite stage, even though the silica is low. The 
point at which change of slope begins is indicative of the limits of the 
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granitic rocks of the series; flattening is too gradual in most series to 


be noticeable. 


Variation rate of ferrous oxide and magnesia.—lInitial flattening 
of the ferrous oxide curve may be seen at 69 percent silica on the Mon- 


Taste 10.—Variation of significant points on lime curves 


Per cent SiO, point of downward change 
Age 
Steepening Flattening 

(gabbro to diorite) (diorite to granite) 
45 70 
Mongolian bathylith group......... 53 inconspicuous 
52 65 
Serpentform dikes................. 48 inconspicuous 
Tertiary and Recent lavas......... 47 inconspicuous 


golian bathylith diagram or, even better, at 70 percent silica in the 
case of the Ancient series. Flattening in this part of the curve indicates 
the beginning of the highly alkalic stage and the passing of the diorite 
stage. The general tendency of flattening in this part of the curve 


11 —Variation of significant points on ferrous oxide curves 


Per cent SiO, point of downward change 
Age 
Steepening Flattening 
(gabbro to diorite) | (diorite to granite) 
45 70 
uncertain uncertain 
Mongolian bathylith group......... 53.2 69 
be uncertain 65 
Serpentform dikes................. 48 68 
Tertiary and Recent lavas......... 47.9 65 


comes in rocks of increasingly lower silica in magmas of successively 
later age, indicating, in a general way, the beginning of granitic prop- 
erties at increasingly earlier stages in later periods of igneous activity. 

Variation rate of alkalies —The rock representing the granodiorite- 


to-granite transition stage of the Ancient series has potash feldspar 
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replacing soda feldspar and is the only one in the three oldest groups 
having potash in excess of soda. Potash predominates in the next 
two, more recent magmas during a part of the granitic stage, and in 
the youngest series it predominates over soda in all rocks with more 


Taste 12.—Variation of significant points on magnesia curves 


Per cent SiO, point of downward change 
Age 
Steepening Flattening 

(gabbro to diorite) (diorite to granite) 
46 uncertain 
Mongolian bathylith group......... 53 to 56 uncertain 
Serpentform dikes................. 48 68.5 
Tertiary and Recent lavas......... 47 62.5 


than 68 percent silica. Maximum total for alkalies occurs in rocks 
slightly less silicic in later series than in earlier ones. Thus, the form 
of the alkali curves indicates, in a general way, that the occurrence of 
granitic properties in rocks is of increasingly lower silica content in 
later periods. 


Tastg 13.—Variation of significant points on soda curves 


Per cent SiO: point 
Age 
Maximum Marked decrease 
66 67 
Mongolian bathylith group......... 67 67 
Serpentform dikes................. 68 70 
Tertiary and Recent lavas......... 65 65 


Variable constituents—Magma variation curves show that max- 
imum content of variable constituents, marking initial stage of devel- 
opment of granitic or granodioritic characteristics, occurs in rocks of 
the silica content, as given in Table 16. 

For the Mongolian bathylith group, this occurs at 61.5 percent silica. 
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Occurrence of the maximum variable constituent content in lower silica 
rocks in later series would indicate that the granitic and granodioritic 
development was reached earlier in successive periods of activity and 
that the later series of igneous rocks became increasingly granitic. The 
diorite range is narrowed greatly and almost disappears. 


TaB_e 14—Variation of significant points on potash curves 


Per cent SiO: point 
Age 
Maximum Marked decrease 
70 70 
Mongolian bathylith group......... 76 76 
Serpentform dikes................. 76 76 
Tertiary and Recent lavas......... 74 74 


Summary of striking changes of rate of variation—Constituents 
such as TiO, and P.O, have only one significant point, and that is at 
the point of transition from gabbro to diorite. Other constituents, such 
as Al,O,, FeO, MgO, and CaO, have two or, rarely, three significant 


Tas_e 15.—Variation of significant points on total alkali curves 


Per cent SiO. point 
Age 
Maximum Marked decrease 
70.2 70.2 
Mongolian bathylith group......... 67 67 with minimum at 72 
67 67 with minimum at 74 
Serpentform dikes................. uncertain uncertain 
Tertiary and Recent lavas......... 65 65 


points; the first marks the transition from gabbro to diorite and the 
second the change from diorite to granite. These constituents agree 
with the minor oxides, or accessory mineral constituents, even in such 
minor details as those which show progression of the gabbro-to-diorite 
transition into more silicic rocks, up to the period of greatest extension 
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of activity, and the subsequent retrogression. The second significant 
point shows extension of the granitic rock types into less silicic rocks in 
all the later series, a feature which agrees with the evidence furnished 
by total alkalies. Potash and variables show that this extension of 
granitic characteristics into less silicic rocks of later series is even 
greater than the major constituents indicate, practically eliminating 
diorite, or its equivalent, from the two most recent groups. 


Variation in amount of constituents from series to series —Variation 
in amount of constituents from series to series is illustrated by magma 
comparison curves. This necessitates selection of some constituent 
to which the variation of all others may be referred; throughout this 
study, silica is the basis of comparison, and variation from period to 
period is studied at five-percent-silica intervals. Amount of each con- 
stituent is determined from the magma variation curves, at five percent 
intervals within a range from 45 to 75 percent silica, and recorded in 
derived composition tables (Tables 17 to 22). These represent no indi- 
vidual specimen, but instead, the average of the series at the approxi- 
mate silica composition listed. Variance of individual specimens from 
this average, by more than one percent, is found only in the gabbros. 
Variation of the derived composition, from series to series, is the 
average difference between entire groups rather than that between 
individual specimens. 

Change in slope of the magma variation curves may affect some of 
the derived values more than others, so that the curves plotted from 
them may be slightly irregular; an ordinate of the magma variation 
diagram, passing through a five-percent-silica interval, and also near 
a maximum or a minimum point, will cause the derived value in the 
tables to be correspondingly high or low. For this reason, only the 
general trend of variation, and not the absolute amount, is significant. 

The general tendency of variation from series to series will be appre- 
ciated by reviewing the derived composition tables. Potash in rocks 
of 75 percent silica increases from 3.6 percent in the Ancient series to 
3.8 percent in the Jurassic series and to 6.9 percent in the Tertiary and 
Recent lavas. However, the information of this statement can be 
presented more clearly and concisely in graphic form on what has been 
termed magma comparison curves. Relative ages of the series of rocks 
are used as abscisse, with the Ancient series at the left and Tertiary 
and Recent lavas at the right. Ordinates are compound; a major 
ordinate at the extreme left is divided into five-percent-silica intervals; 
a minor ordinate, representing amount of a constituent, is raised just 
to the right of the major ordinate. All minor ordinates for a single 
major ordinate are joined, and the graph represents the variation of 
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the constituent from period to period, in rocks of the silica content 
designated by the major ordinate. Certain features of the derived 
value curves are striking enough to deserve special comment and men- 
tion of the possible significance. 

Titanium dioxide increases in successively later magmas throughout 
the entire range of composition (Fig. 11). Increase is most regular 
and consistent in the salalkalic phases and becomes slightly irregular 


Taste 16.—Variation of significant points on variable constituent curves 


Per cent SiO, point 

Age of maximum content 
uncertain 
Mongolian bathylith 61.5 
Tertiary and Recent lavas... 48 


in the femic types. Tertiary and Recent lavas exhibit the greatest 
single increase, which is so great that rocks of this lava series contain 
as much titanium dioxide as those of the Ancient series with 10 percent 
less silica. Titanium dioxide normally decreases with increase in 
silica and crystallizes dominantly in an early diorite stage. Increase 
in TiO, would indicate increase of diorite over gabbro properties in 
the diorite fraction of rocks, especially granites, in later series. 

The close similarity between TiO, and P.O;, noticeable in all the 
preceding comparisons, is maintained even in the above respect, al- 
though the amount of P.O; is smaller, and the changes are less obvious 
(Fig. 12). Phosphorus pentoxide shows an even more continuous and 
consistent variation than does TiO, for the range between 50 and 65 
percent SiO,, but it remains almost constant from magma to magma 
in the more silicic types, whereas TiO, increases. 

Alumina remains almost constant from magma to magma (Fig. 13). 
It decreases slightly in femic stages of the more recent series and in- 
creases somewhat in the silicic rocks. The Ancient series is character- 
istically high, and the second series low, in this constituent. 

Lime shows a marked and approximately continuous decrease from 
earliest to latest magma for almost the complete range in composition 
of the series, although change is not pronounced in the salalkalic rocks. 
Like magnesia, lime is almost exclusively a gabbroic constituent, and 
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its decrease from magma to magma indicates diminution of gabbroic 
properties in successively later magmas. 

Magnesia, with one exception, becomes continuously lower in later 
magmas (Fig. 15). A rock of the Serpentform dikes, carrying 60.31 
percent silica, is unusually high in magnesia; this produces a high point 
on curves at both 60 and 65 percent silica. Decrease of magnesia is so 
great that the amount of this constituent in Tertiary and Recent lavas 
is the same as that of a five-percent-higher-silica rock of the Ancient 
series. Magnesia may be considered as the chief, or index, constituent 
of ultrabasic gabbroic rocks, and decrease in succeeding magmas would 
seem to presage disappearance of the gabbro phase. 

Ferrous and manganous oxides remain almost constant in rocks of 
granitic composition but decrease slightly in the gabbroic types 
(Fig. 16). Curves for intermediate types show, first, a slight increase 
and, then, a decrease to an even lower content in later than in earlier 
series. Variation is never great enough to be a significant feature of 
change from magma to magma and could be due to oxidation of ferrous 
to ferric iron. 

Ferric oxide increases in later magmas, but variation is irregular, 
probably due to ease of oxidation of ferrous to ferric oxide. Increase 
is abnormally great in the Recent lavas and may be attributed to 
oxidation by atmospheric oxygen as the flows solidified (Fig. 17). 
Ferric oxide is consistently high in the second, fourth, and sixth mag- 
mas, and low in the others. 

Total iron oxides consistently show a slight increase, of 0.5 to 1.0 
percent, from the most ancient to the most recent series (Fig. 18). This 
value is reduced, in amounts varying from 0.05 to 0.2 percent, by 
assuming Fe,O, to result from oxidation of FeO, and by adding MnO 
to FeO. Change in these oxides is so small that iron may be considered 
as one of the least variable constituents. Lack of relative change does 
not mean that the total has remained constant. 

Increase of potash in later magmas is one of the outstanding and 
consistent variations (Fig. 19). Increase is continuous and of increas- 
ing magnitude in the granitic phase but is less regular in some of the 
intermediate stages. A 68.57-percent-silica porphyry of the Serpent- 
form dikes is low in potash and causes the only irregularity in the 
otherwise continuous increase in successively later magmas. Petro- 
graphic study showed that potash occurs mainly in potash feldspars, 
and, therefore, consistent increase of potash points to consistent in- 
crease of granitic minerals in later series. 

Soda increases slightly in the femic portion of successively later 
magmas (Fig. 20). It remains almost constant in the portion having 
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Ficure 13.—Magma comparison curve for alumina 
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Ficure 14.—Magma comparison curve for lime 
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intermediate composition and decreases in the alkalic end of more 


recent series. 
Taste 17.—Derived composition table for Ancient series 


Constituents Per cent per specimen 
45.0 50.0 55.0 60.0 65.0 70.0 75.0 
SS 19.2 18.7 18.3 17.6 17.0 15.7 13.3 
eee 0.0 0.3 1.0 1.3 1.0 0.8 0.7 
eee 9.0 6.9 5.1 3.5 2.4 1.4 0.7 
| = ree: 7.0 6.0 4.9 3.4 2.0 0.7 0.4 
12.6 10.0 7.5 5.2 3.2 1.5 0.7 
1.6 3.2 4.0 4.1 4.4 5.4 3.2 
Sr 0.7 1.0 1.4 2.3 2.8 3.6 3.6 
Se 2.0 1.5 1.1 0.7 0.6 0.4 0.3 
| eee 0.6 0.4 0.3 0.2 0.1 0.1 0.1 
__ eS 0.2 0.1 0.1 0.1 0.1 tr. tr. 
1.8 1.5 1.3 1.2 0.8 0.9 1.8 

ree 99.7 99.6 | 100.0 99.5 99.4 | 100.5 99.8 


Just as lime and magnesia are index constituents of the gabbroic 
end of a series, so alkalies, especially potash, are index constituents 
of the granitic end. Lime and magnesia have been shown to decrease, 


Taste 18—Derived composition table for Femic series 


Constituents Per cent per specimen 
ee 40.0 45.0 50.0 55.0 60.0 65.0 70.0 
eer 13.2 15.8 16.0 15.7 15.7 16.0 16.4 
Sere 3.8 3.6 2.8 1.8 1.4 1.6 Loe 
___ Sree 6.6 7.9 7.2 5.7 4.2 2.3 0.9 
rr 15.0 7.0 5.5 4.4 3.2 1.9 0.6 
9.2 12.2 9.8 7.9 6.0 4.0 2.6 
_ rr rs 1.0 1.8 2.7 3.56 4.0 4.1 3.6 
eee 0.2 0.9 1.4 1.6 1.9 2.1 2.5 
ar 0.7 2.1 1.8 1.6 1.2 0.8 0.3 
0.0 0.1 0.4 0.2 0.1 0.0 0.0 
ee 0.1 0.1 0.2 0.2 0.1 0.1 0.1 
WORSssees ewes 10.0 4.2 2.3 1.7 1.4 1.3 1.5 

eres 99.8 | 100.7 | 100.1 99.3 99.2 99.2 | 100.2 


in rocks of the same silica content, in successively later magmas; by 
contrast, total alkalies—and, consequently, alkali feldspars—show con- 
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sistent increase, due to the rise in potash, which takes the place of 
soda in later series (Fig. 21). Thus, increase in granitic constituents 


Taste 19—Derived composition table for the Mongolian bathylith group 


Constituents Per cent per specimen 
Sra: 45.0 50.0 55.0 60.0 65.0 70.0 75.0 
17.0 17.4 15.7 15.5 13.3 
SSE 1.0 0.9 0.0 0.4 0.1 
5.9 5.1 3.5 1.8 1.0 
5.1 3.5 2.4 1.4 0.4 
| 4.5 4.1 2.5 1.2 
USS ( 1.4 0.9 0.6 0.3 0.1 
0.6 0.2 0.1 0.1 0.1 
0.1 0.1 0.1 0.1 tr. 

| 100.0 99.8 99.6 | 100.3 99.6 


is coincident with decrease of gabbroic constituents. This change, from 
gabbroic to granitic constituents in later series, is so consistent and so 
persistent, as represented in alkalies and other critical oxides, that it 


Tas_e 20.—Derived composition table for the Jurassic series 


Constituents Per cent per specimen 
eee 45.0 50.0 55.0 60.0 65.0. | 70.0 75.0 
4.0 1.1 1.8 i2 0.9 0.7 
6.2 6.5 4.5 2.5 1.0 
5.9 5.0 3.0 1.0 0.5 0.2 
9.7 9.7 6.0 2.2 1.0 0.7 
3.2 1.3 2.0 5.9 4.3 4.1 
1.2 3.9 5.3 3.8 
1.3 1.2 0.9 0.6 0.5 0.3 
ee Deere 0.3 0.1 0.1 0.1 0.1 0.0 
0.1 0.1 0.1 0.1 0.1 0.0 
2.0 2.4 2.9 2.3 1.5 0.9 

100.2 99.8 99.5 | 100.6 99.6 99.5 


seems impossible to avoid the conclusion that the later series are 
primarily more granitic. 
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Water of combination, moisture, and carbon dioxide are grouped to- 
gether as variables. Moisture is included because petrographic study 


Tarte 21—Derived composition table for the Serpentform dikes 


Constituents Per cent per specimen 
ee 45.0 50.0 55.0 60.0 65.0 70.0 75.0 
16.8 17.0 17.1 17.1 15.9 13.2 
2.7 1.5 0.5 0.3 0.2 0.1 
4.8 3.6 4.0 2.6 1.4 1.3 
5.1 3.9 4.4 2.8 0.8 0.2 
7.5 5.8 4.8 2.8 0.8 0.2 
4.5 4.7 3.2 4.1 4.9 3.9 
2.5 27 2.3 1.7 2.2 4.4 
2.3 1.3 0.9 0.6 0.3 0.2 
1.2 0.7 0.4 0.2 0.1 0.0 
0.2 0.1 0.1 0.1 0.1 0.0 
2.5 3.4 2.0 1.6 1.4 0.8 

100.1 99.8 99.8 99.9 99.8 99.6 


showed that it is present as liquid inclusions in quartz crystals and 
glass. It evidently was a part of the residual pegmatites from which 
minerals containing the other two constituents were formed either by 


Tasie 22.—Derived composition table for the Tertiary and Recent lavas 


Constituents Per cent per specimen 
OS ere 45.0 50.0 55.0 60.0 65.0 | 70.0 75.0 
pic 17.0 17.3 18.0 17.9 16.0 14.0 13.5 
er 2.9 2.4 2.3 2.7 3.5 1.6 0.9 
__ ae 7.3 5.6 4.6 2.7 0.6 0.3 0.5 
| Ore 5.9 4.2 3.2 iy 0.6 0.3 0.2 
_ 4.3 3:7 4.2 4.5 4.7 3.5 0.3 
_” Ree. 1.5 2.1 2.9 4.0 5.3 6.1 6.9 
er 2.4 2.7 1.9 1.4 2.2 0.7 0.3 
_ eee 1.2 0.8 0.7 0.5 0.4 0.2 0.0 
_| eee 0.2 0.1 0.1 0.1 0.1 0.1 0.1 
ere 2.5 3.0 1.8 ive 0.9 1.6 2.3 

Eee 99.4 99.6 99.6 | 100.0 | 100.3 99.6 | 100.5 


recrystallization or by reaction. The mode of occurrence and the 
amount of variables differ in different rocks, but these constituents 
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show a general increase in successively later magmas (Fig. 22). Migra- 
tion of position of maximum content, shown on the magma variation 
curves, modifies this general characteristic. The maximum for the 
high variables is at 48 percent SiO, in Tertiary and Recent lavas, at 
54.3 percent in the Serpentform dikes, at 61.8 percent in the Jurassic 
series, at 70 percent for the Femic series, and at 73 percent for the 
Ancient series. These maxima raise the variable content in values 
derived from the magma variation curves adjacent to them. The cause 
of these high points must be taken into account, and the general varia- 
tion from series to series must be independently noted. This precaution 
eliminates much of the apparent irregularity of the variation and shows 
that the variables are continuously increasing in successively later 
magmas. 

Minerals of unweathered rocks, containing water and carbon dioxide, 
are usually regarded as alteration products, formed by reaction of mag- 
matic solutions with earlier rocks. If such a rule could be applied 
without discrimination, those rocks containing the greatest amount of 
variables should have been affected most often and, hence, should be 
the oldest; actually, the rocks containing the greatest variables are the 
youngest, or least affected. Chemical composition agrees with petro- 
graphic and field data, which oppose any interpretation of the variable 
constituent minerals as alteration products by solutions of external 
origin; it supports the opinion that the variable constituent minerals 
were always part of the rock. 


Summary of composition variation from series to series —Titanium 
dioxide, phosphorus pentoxide, and the granitic constituents, including 
potash, total alkalies, and variables, increase in rocks of the same 
silica content, in successively later series. Total iron oxides remain 
constant, with ferric iron showing a slight tendency to increase in more 
recent series, and ferrous iron to decrease. Alumina remains nearly 
constant but shows slight decrease in the later gabbroic rocks and 
increase in the later granitic ones. Soda remains nearly constant from 
series to series in low silica rocks but decreases in the more recent 
rocks of dioritic and granitic types. The outstanding gabbroic con- 
stituents, lime and magnesia, decrease from the Ancient series to the 
Tertiary and Recent lava series, throughout the entire range of rock 
types investigated. 

Rock for rock, in the more recent types the granitic characteristics 
increase and the gabbroic features decrease in importance, regardless 
of whether structural, mineralogical, or chemical features are used 
as & measure. 
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Puate 153 


INCREASING COMPLEXITY OF SECONDARY STRUCTURES IN OLDER 


SERIES OF EXTRUSIVES AND INTRUSIVES 


Ficure 1.—CHARACTERISTIC SECONDARY STRUCTURES OF ROCKS OF INTERMEDIATE COM- 


POSITION. 


Photomicrographs arranged so that the axis or symmetry plane of the 
structures radiates from the center. Note the complete lack of second- 
ary structures in the Tertiary and Recent lavas and the Serpentform 
dikes. Simple irregular fractures characterize the Jurassic series and 
conjugate fracture systems the earlier groups. (Crossed nicols; radius 
of circle, 4.5 millimeters.) 


Ficure 2—CHARACTERISTIC SECONDARY STRUCTURES OF GRANITIC ROCK TYPES. 


Photomicrographs arranged so that the axis or symmetry plane of the 
structures radiates from the center. Note complete lack of secondary 
structures in Tertiary and Recent lavas and the Serpentform dikes. 
Irregular fractures characterize the Jurassic series. A parallel system 
of fractures appears in the Mongolian bathylith granites and all those 
of greater age. Granites of the two older series have augen structure 
in addition to the fracture system of the Mongolian bathylith group. 
(Crossed nicols; radius of circle, 4.5 millimeters.) 
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Puate 154 
FEATURES TYPICAL OF TERTIARY AND RECENT LAVAS 


Ficure 1.—ANALCITE BASALT FROM Mr. UskKUK. 
High index of carbonate (C) and low index of analcite (An) relative 
to the lath-like labradorite (Lab) are indicated by position of the Becke 
line. Note the unaltered condition of the labradorite and the granular 
structure of the interstitial minerals. Magnetite (Mg) is black, and 
pyroxene (Px) is very dark. (Ordinary light.) 


Fiaure 2—TracHYTE INCLUSIONS WITHIN AN ORTHOCLASE PHENOCRYST AT Mr. 
TUERIN. 
Main rock is trachyte similar to that in the inclusions. Note the clear 
rim of low index material which separates the trachyte from the pheno- 
cryst; this is absent in more disturbed trachyte outside the phenocryst, 
shown in upper part of figure. (Ordinary light.) 


Ficure 3.—PEG@MATITE-LIKE AREAS IN TRACHYTE FROM Mr. TUERIN. 
Clear pegmatite-like areas of orthoclase and lath-like albite lie within 
normal trachyte. Coarse texture of these areas is conspicuous. (Ordi- 
nary light.) 
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Puate 155 
INTERSTITIAL PEGMATITES AND REACTION PHENOMENA 
Ficure 1—HorNBLENDE GABBRO OF THE SERPENTFORM DIKES OF TSETSENWAN. 


Photomicrograph shows sericitized plagioclase (Fser) outlined in 
clouded areas, and chlorite (Ch) in dark amphibole (Hb), adjoining 
micropegmatite filling interstitial spaces between earlier pyrogenetic 
minerals. Note unaltered condition of these same minerals where they 
do not contact residual interstitial micropegmatite. (Crossed nicols.) 


Ficure 2.—HorNBLENDE GABBRO OF THE JURASSIC SERIES, BETWEEN Ube AND Mr. 
TUERIN. 
Photomicrograph shows sericitized labradorite with zonal growth (Plab) 
almost completely replaced by more alkalic andesine (Pand). Alkalic 
feldspar replacement has worked from interstitial spaces between the 
three large hypidiomorphic plagioclases (Plab) and the hornblende 
(Hb) in a fashion similar to that shown in figure 1, but had reached 
a more advanced stage before complete crystallization occurred. 


Figure 3—HorNBLENDE GABBRO OF MONGOLIAN BATHYLITH GROUP AT TSETSENWAN. 
Photomicrograph shows hornblende (Hb) almost completely changed 
to biotite (Bi), andesine (Pand) with saussurite type of structure but 
with pyroxene (Px) instead of zoisite, and clear areas of alkali feldspar 
(F) and quartz (Q). These intense changes are associated in distribu- 
tion with local centers of the quartz and alkali feldspar; peculiarity 
of type of change and distribution of change suggests that these are 
interstitial pegmatite-like masses. 
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Puiate 156 
DEVELOPMENT OF POTASH FELDSPAR IN SALIC ROCK 


Fiaure 1.—OrTHOCLASE PHENOCRYST IN QUARTZ PORPHYRY FROM SOUTH SIDE OF 
Mr. Tuerin. 
Zonal structure developed in orthoclase phenocrysts by intermittent 
crystallization and alteration. Note the termination of sericite (Ser) 
along fractures at some of the inner limiting zones of the phenocryst. 
Other phenocrysts in the porphyry include biotite (Bi) and quartz (Q). 


(Crossed nicols.) 


Ficurs 2.—JuRASSIC GRANITE FROM THE ONGIN GoL. 
Photomicrograph shows chemical brecciation of an older coarse-tex- 
tured granite (Gr) by a finer-textured aplitic granite (Ap) of later 
age. Dead ends to offshoots of the aplite indicate corrosion rather than 
mechanical intrusion. (Crossed nicols.) 


Ficure 3—MonGoLiaAN BATHYLITH GRANITE FROM Baga Boopo. 
Photomicrograph shows zonal structure in microcline (M) inherited 
from oligoclase and alteration products along zones in oligoclase. Dis- 
membered oligoclase crystals (Poli) are surrounded by microcline, and 
myrmekite-like invasions (My) of sericitized oligoclase by microcline 


are frequent. Clear alkalic rims surround many oligoclase remnants. 


(Crossed nicols.) 
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TEXTURAL AND MICROSCOPIC FEATURES OF BOONE LIMESTONE 


Ficure 1. BooNE LIMESTONE 

Coarsely crystalline, edged with chert bordered by fine-grained limestone, with interpenetrating 

contact. Fine-grained limestone bordered by chert with irregular boundary. Size, 5/’ x 5%”. 

Ficure 2. NoNn-CHERTY BOONE LIMESTONE 
Showing characteristic changes in texture. Coarsely crystalline limestone (lower part of specimen) 
penetrates, with undulating contact, fine-grained limestone. Coarsely crystalline limestone (upper 
part of specimen) grades into fine-grained limestone. Size, 5/’ x 6/’. 
FicureE 3. COARSE-GRAINED BOONE LIMESTONE 
Fossil fragments partly altered to secondary calcite. Crossed nicols; x 60. 
Figure 4. VERY COARSE-GRAINED BOONE LIMESTONE 
Secondary calcite surrounding, and partly replacing, fossil fragments. Crossed nicols; x 24. 
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INTRODUCTION 


Boone limestone underlies a large area in southwestern Missouri, 
northern Arkansas, and northeastern Oklahoma. It forms a thin clay 
soil generally containing an abundance of chert fragments. Although 
much has been written about the origin of the chert, a re-examination 
of the problem from a new point of view may yield conclusions of 
value, for diversity of opinion still exists among students. A part of 
the summer of 1931 was spent by the writer in field work in northwest- 
ern Arkansas, and the study was continued in a larger area during the 
summer of 1932. Grateful acknowledgment is herewith made to the 
Research Committee of the University of Arkansas for grants made in 
1931, 1932, and 1933, in support of this investigation. 


BOONE LIMESTONE 
GENERAL DISTRIBUTION 


The Boone limestone was named for Boone County, northern Arkan- 
sas, by J. C. Branner nearly half a century ago. The area of its out- 
crop in Oklahoma and Arkansas, computed from recently published 
State geological maps of Oklahoma and Arkansas, is approximately 
4,750 square miles. Its area in southern Missouri is also large (Fig. 1). 

Its subsurface distribution is not well known, but as the limestone 
has been encountered in deep wells drilled on the south flank of the 
Boston Mountains, it is apparently continuous beneath them, and prob- 
ably extends southward under the thick section of Pennsylvanian sedi- 
ments of the Arkansas Valley. A subsurface extension for an un- 
known distance toward the southwest is revealed in the logs of wells 
drilled in northeast-central Oklahoma. Wells in eastern Kansas like- 
wise penetrate the Boone limestone beneath younger formations. 


AREA STUDIED 


During the course of this investigation no attempt was made to study 
the Boone throughout the entire area of its outcrop. It seemed desir- 
able to study an area which would be large enough to insure generally 
applicable conclusions, be reasonably accessible, and have well-exposed 
sections showing typical and representative development of the lime- 
stone. The area studied was confined essentially to northeastern 
Oklahoma and northwestern Arkansas, extending from Tahlequah, 
Flint Creek, and Spavinaw, Oklahoma, eastward to Harrison and Jas- 
per, Arkansas, 4 strip 110 miles east and west and 30 to 40 miles north 
and south, or approximately 3,500 square miles. 


is 
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SUBDIVISIONS 


During the investigation of the stratigraphy of northern Arkansas 
by the Arkansas Geological Survey under the direction of J. C. Bran- 
ner, it was found that the lower part of the Boone is essentially non- 
cherty, crystalline, pink, red, gray, and fossiliferous. This persistent 
and conspicuous basal member, which Branner named the St. Joe 


Ficurs 1.—Surface distribution of Boone limestone in Missouri, Kansas, Oklahoma, and Arkansas 


Scale, approximately 1 inch == 62 miles. 


limestone, for St. Joe, Searcy County, Arkansas, is present in nearly 
every outcrop that exposes the base of the Boone in northern Arkansas 
and northeastern Oklahoma. 

The Boone above the St. Joe member has not been satisfactorily sub- 
divided, although several members have been locally recognized. 
Lithologically this is essentially a unit, so that subdivision must rest 
chiefly on a faunal basis. This involves considerable time and diffi- 
culty because the faunas intergrade vertically, and many species per- 
sist throughout the entire formation. Many of the Boone species, more- 
over, are not typical of the standard Mississippian section, and many 
from the standard section are absent in the Boone.' The deposition 


10. G, Croneis: Geology of the Arkansas Paleozoic area, Ark. Geol. Surv., Bull. 3 (1930) 
p. 47-49. 
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of the Boone limestone involved a long time, represented in the standard 
section of the Mississippian by a number of formations (Table 1). 

In their description of the geology of the Joplin district of south- 
western Missouri, Smith and Siebenthal gave the name, Short Creek, 
to an oolitic limestone near the top of the Boone limestone and applied 
the name, Grand Falls, to a massive chert bed about 100 feet below.” 
The oolite is widely developed in southwestern Missouri, and continues 
into northeastern Oklahoma as a fairly persistent member about 100 
to 125 feet below the top of the Boone.* What is probably the same 
bed was recognized by Purdue and Miser near the top of the Boone 
in a number of localities in the Eureka Springs and Harrison quad- 
rangles.* During the present investigation, the oolitic limestone was 
found at Morrow postoffice, southwestern Washington County, near 
Goshen and Habberton, and northeast of Rogers, Benton County, 
at Alpena Pass, Boone County, and elsewhere. It appears, therefore, 
to be a recognizable and characteristic member, generally 5 to 10 feet 
thick. The Grand Falls chert does not appear to be recognizable as 
a distinct member in Oklahoma and Arkansas. 

Weidman has described a member of the Boone, in northeastern 
Oklahoma, called the Green limestone. This unit, 5 to 20 feet thick, 
is crystalline and contains a small but variable amount of glauconite. 
It occurs 25 to 30 feet above the Short Creek oolite member in the Tri- 
State District.5 

In southwestern Missouri, on the basis of paleontologic and lithologic 
evidence, the Boone is divided into the following members: (1) St. 
Joe limestone (Fern Glen age) ; (2) Reeds Spring limestone (Fern Glen 
and Lower Burlington age); (3) Grand Falls chert (Keokuk age) ; 
(4) Limestone and chert (Keokuk age) ; (5) Short Creek oolite (War- 
saw age); and (6) Limestone and chert (Warsaw age). Stratigraphic 
breaks of greater or less importance are recognized between the Reeds 
Spring and the Grand Falls members, and between the limestone and 
chert of Keokuk age (No. 4) and the Short Creek member.* Moore 
considers the Reeds Spring limestone to be “the time equivalent of at 


2W. S. T. Smith and C. E. Siebenthal: Description of the Joplin District, U. 8. Geol. Surv., 
Joplin District folio, no. 148 (1907) p. 2-5. 

%C. G. Croneis: Op. cit., p. 44. 

8. Weidman: The Miami-Picher zinc-lead district, Oklahoma, Okla. Geol. Surv., Bull. 56 

(1932) p. 15. 

*A. H. Purdue and H. D. Miser: Description of the Eureka Springs and Harrison quadrangles, 
U. 8. Geol. Surv., Eureka Springs-Harrison folio, no. 202 (1916) p. 10. 

58. Weidman: Op. cit., p. 15-16. 

®R. C. Moore: Early Mississippian formations in Missouri, Mo. Geol. Surv., vol. 21 (1928) 
p. 144-145. 
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Tass 1—Mississippian stratigraphy of northern Arkansas and adjacent states 


SYSTEM STANDARD SBCTION B. OKLAHOMA ARKANSAS JOPLIN, MO. 8. ¥. MISSOURI 8. W. MO. 
(ve) lower Lower r 
MORROW 
UPPER Pitkin ls. 
MIDDLE Payetteville oh, | Fayetteville sh. carterviiie 
Batesville ss. 
— Hindsville 
8ST. GENEVIEVB 


Moorefield sh. 
(?)| (Spring Creek 1s.) 


LovIs 
SPERGEN 
: E WARSAW Warsaw 1s. Warsaw ls. (carthage 18.) Warsaw le. 
5 Short creek oolite| Short Creek oolite| Short Creek 00 oolite | Short Creek ool} 
a Keokuk 1s. Keokuk 1s. 
3 KBOKUK Keokuk 1s Keokuk 1s. 
Grand Falls chert | Grand Falls chert 
3 BURLINGTON Fi Burlington 1s. Burlington 1s. Burlington 1s, |Upper Burlington 2s. | 
Reeds Spring ls. 
Fern Glen ls. Fern Glen Ja. Gien is 
vas St. Joe 1s. St. Joe 1s. St. Joe 1s. St. Joe 1s. 
CHOUTBAU 
HANNIBAL 
8 GLEN PARK 
8 
LOUISIANA 
Chat 
CHATTANOOGA Chattanooga sh. *Bureka sh.* Chattanooga sh. Chattanooga sh. 
SILURIAN (7) DEVONIAN 
ORDOVICIAN SILURIAN ORDOVICIAN ORDOVICIAN ORDOVICIAN 
CAMBRIAN ORDOVICIAN CAMBRIAN CAMBRIAN CAMBRIAN 
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least a part of the lower division of the Burlington.”* The Upper 
Burlington is apparently not represented in the Boone limestone of 
Arkansas and Oklahoma.® 

AGE 


On faunal evidence, the Boone limestone is assigned to the Osage 
group of the standard Mississippian section. The St. Joe member is 
regarded as equivalent to part of the Fern Glen formation of Missouri. 
The beds overlying the St. Joe limestone locally contain fossils of Fern 
Glen age, but the greater part of the limestone between the St. Joe 
and the Short Creek members is equivalent to the Burlington and 
Keokuk limestones. The beds above the Short Creek member have 
been correlated with the Warsaw by Purdue and Miser.° The entire 
stratigraphic sequence thus embraces a considerable range of early 
middle Mississippian time. Representative faunal lists and correla- 
tions based on them are given by Purdue and Miser.'° 


STRUCTURAL RELATIONS 


The Boone limestone is a relatively thin sheet on the southern and 
southwestern flank of the Ozark uplift, dipping generally southwesterly 
at an angle of less than one degree. It was tilted toward the south- 
west in the successive uplifts of the Ozark dome, and the general direc- 
tion and degree of dip are interrupted locally by broad, low folds, and 
by faults, in most cases of small displacement. 


STRATIGRAPHIC RELATIONS 


Normally, the Boone limestone is unconformably underlain by the 
Chattanooga shale, which is variable in thickness, averaging 25 to 40 
feet. Where the Chattanooga is locally absent the Boone may rest 
upon the Sylamore sandstone of Early Mississippian age, or upon the 
Cason shale, Fernvale limestone, Plattin limestone, Tyner formation, 
Joachim limestone, Jasper limestone, St. Peter sandstone, or Everton 
formation, all of Ordovician age. These formations are generally thin, 
and individually do not persist over the entire southern Ozark region. 
They are, in turn, underlain by a thick sequence of sandstones and 
dolomites of Early Ordovician and Cambrian age, resting upon an 
erosion surface developed on pre-Cambrian crystalline rocks. The 
total thickness of the pre-Boone stratigraphic sequence in northern 


7 Op. cit., p. 191. 
8 Op. cit., fig. 2. 
* A. H. Purdue and H. D. Miser: Op. cit., p. 11. 
10 Op. cit., p. 11. 
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Arkansas and northeastern Oklahoma, judging from available well 
records, ranges from 1,700 to 2,600 feet. This sequence contains sur- 
prisingly little shale—in general, not over 100 feet. 

The Boone in north-central Arkansas is unconformably overlain by 
the Moorefield shale, possibly of St. Louis, Spergen, or Chester age. 
This shale attains its maximum thickness, 75 to 275 feet, in Independ- 
ence County, Arkansas, but thins westward, disappearing east of New- 
ton County. In northwestern Arkansas the Batesville sandstone 
(lower Chester) with its persistent basal member, the Hindsville lime- 
stone, unconformably overlies the Boone. The Batesville thins west- 
ward and is only locally present in westernmost Arkansas. It is not 
certainly recognized in northeastern Oklahoma where the “Mayes” 
formation (lower Chester) rests unconformably upon the Boone. Far- 
ther north in the Joplin district the overlying formation is the Carter- 
ville, of Chester age. 

The former extent of formations of Chester and Pennsylvanian ages 
in the region of the present Boone outcrop is not known, but outliers 
of Chester and Early Pennsylvanian rocks on Boone limestone are 
numerous in northern Arkansas and southwestern Missouri. Hence, 
it is reasonable to infer that the Boone limestone was originally deeply 
buried beneath Late Mississippian and Pennsylvanian formations. It 
is worthy of note in this connection that the Chester and Early Penn- 
sylvanian formations consist of thick sequences of shale and sandstone 
with relatively little limestone, and that this entire section is, in gen- 
eral, highly siliceous. 

THICKNESS 


The thickness of the Boone varies considerably even within short 
distances. This is due to unequal deposition, to the unevenness of its 
floor, to the erosion of its upper surface, and to chemical changes. The 
thickness of the St. Joe member at the base of the Boone ranges from 
a feather-edge to 100 feet, and averages 25 to 30 feet. It thins east- 
ward from the Harrison quadrangle, in Arkansas, and southward in 
Oklahoma." In northeastern Oklahoma the Boone, exclusive of the 
St. Joe limestone, ranges in thickness from about 350 feet in the north- 
ern part to 100 feet in the southern part of the region. In northern 
Arkansas it is generally 300 to 400 feet thick, decreasing only slightly 
toward the south. In the Joplin district the thickness of the Boone 
ranges from 140 to 485 feet. The average thickness of the formation 
above the St. Joe throughout the area of its outcrop in northern 


uC. G. Croneis: Op. cit., p. 46. 
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Arkansas and adjacent states may be conservatively estimated as about 
300 feet. This thickness is the basis of calculations comprising a part 
of this investigation. 

LITHOLOGIC FEATURES 


The Boone limestone was deposited in shallow water of an epi-con- 
tinental sea that united southward with the deeper ocean. Ripple 
marks, for example, near Morrow, northwestern Arkansas, indicate the 
shallow depth in which the lime mud was deposited.’? The mud con- 
sisted of more or less comminuted calcareous organic remains mixed 
with aphanitic calcareous particles chiefly of organic origin. This 
calcareous material was deposited in beds ranging in thickness from a 
few inches to 4 feet or more, and averaging 6 to 12 inches. Subse- 
quently the beds were consolidated, becoming generally dark gray lime- 
stone containing abundant fossil remains in an aphanitic matrix. Fol- 
lowing consolidation, the formation was nearly everywhere permeated 
by solutions, and the greater part was recrystallized. The resulting 
texture, which is fine to coarse, may vary within the same bed laterally 
and vertically; in fact, abrupt and rapid change in grain is the most 
conspicuous textural feature of the Boone limestone (Pl. 157, figs. 1 
and 2). Sheets and lenses of coarsely crystalline limestone frequently 
occur within fine-grained or aphanitic beds, the contacts being nor- 
mally undulating, irregular, or interpenetrating. The crystalline lime- 
stone may also grade into the aphanitic variety. The upper and lower 
parts of beds may be coarsely crystalline, the middle part fine-grained 
or aphanitic. Thickness of beds has no apparent relation to texture. 
Thick beds are likely to be as coarse grained and as completely crystal- 
line as thin beds. Many thick beds consist of a succession of sheets 
of coarse-, medium-, and fine-textured varieties. Bedding planes are 
normally undulating, due to unequal solution of the adjacent parts 
of the overlying and underlying beds. Stylolitic boundaries between 
beds and within beds between lenses and sheets of different texture 
are common. 

Microscopic examination reveals the extent of recrystallization of 
the limestone. The aphanitic variety is resolved, under high magnifi- 
cation, into a mixture of irregular calcite grains consisting of finely 
triturated fossil fragments, waste of sea floor scavengers, and particles 
of uncertain origin (Pl. 158, fig. 1). Isolated irregular areas and 
stringers of calcite plates individually larger than the particles of the 
adjacent ground mass indicate incipient crystallization. 


12 A. W. Giles and Eugene Brewster: Hale Mountain section in northwest Arkansas, Am. Assoc. 
Petr. Geol., Bull., vol. 14 (1930) p. 127. 
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Every thin section of the fine- to coarse-grained limestone shows 
evidence of recrystallization (Pl. 158, figs. 2 and 3). The interiors 
of many fossil fragments are filled with secondary calcite, plates of 
which may be sparingly distributed through the skeletons (Pl. 158, 
fig. 4). Secondary calcite showing cleavage and polysynthetic twin- 
ning is common. Fossil fragments wholly or partially recrystallized, 
and with the calcite showing polysynthetic twinning, are also common 
(P1. 157, figs.3 and 4). Crinoid stems may be surrounded by secondary 
calcite, often showing polysynthetic twinning (PI. 158, fig. 4). The 
secondary calcite may penetrate into cracks and pores of the skeleton. 
Large twinned calcite grains may enclose one or several fossil frag- 
ments. Bundles of fibrous calcite are common, and may locally en- 
close twinned secondary calcite. A mosaic of large calcite plates may 
occupy the space between fossil fragments; a groundmass of more or 
less comminuted fossil remains and secondary calcite may reveal large 
calcite plates either isolated or in groups.’® 

The texture of the limestone is apparently controlled both by the 
size of the fossil fragments and by the size of the secondary calcite 
grains, the larger grains having found an environment most favorable 
for growth among the coarser fossil fragments. The recrystallization 
apparently progressed inward from the bedding planes. 

In order to determine the extent of recrystallization, forty measured 
stratigraphic sections were studied, leading to the conclusion that 
seventy per cent has been affected. The results are presented in Tables 
2 and 3. 

BOONE CHERT 
CHARACTER 


General_—The general character’* of the Boone chert has been 
adequately described by several observers, working in various parts of 
the region. It varies considerably in physical properties, composition, 
and appearance, notwithstanding which, it is readily differentiated into 
two types, vitreous and calcareous.** Taking the formation as a 
whole, the two varieties are equally widespread, vertically and areally. 
Locally, one type may more or less completely exclude the other. One 
type may gradually or irregularly grade into the other within distances 


18 The crystallization of the Boone limestone closely resembles the crystallization of the Holston 
marble of Tennessee [T. N. Dale: Constitution and adaptations of the Holston marbles, Tenn. 
Geol. Surv., Bull. 28 (1924) p. 87-160]. 

%4 Following general usage, all of the siliceous material in the Boone is referred to as ‘‘chert,” 
although much of the material is not chert in the strict petrographic usage of the term. 

48 The calcareous chert is designated as “cotton rock” in the Tri-State mining district. 
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of less than an inch, the intimate relationship between the two suggest- 
ing contemporaneous origin. 


Vitreous chert—Chert of this type shows no detectable reaction to 
acid. In unweathered exposures it is normally white or light gray 
with subvitreous to dull luster; a smaller proportion is light to dark 
gray, bluish gray, blue, and green with waxy to dull luster. It has 
the hardness of 7 and is compact, cryptocrystalline, and brittle. Some 


TasLe 2.—The extent of recrystallization within the limestone 


Thickness in feet 


Upper third Middle third Lower third 


Texture (8 sections) (13 sections) (19 sections) nace 
Total 
feet 
cent, cent cent 
Crystalline...|} 80.17 | 62 229.50 | 76 177.75 | 67 487.42 70 


Aphanitic....|| 30.25 | 24 28.33 9 50.75 | 19 || 109.33 16 
Undetermined) 18.25 | 14 45.08 | 15 35.75 | 14 99.08 || 14 


Totals..... 128.67 | 100 |} 302.91 | 100 || 264.25 | 100 || 695.83 || 100 


of it breaks with a conchoidal fracture into thin, angular fragments 
with sharp edges, but most of it breaks with subconchoidal fracture 
into irregular fragments with concave surfaces (PI. 163, fig. 2; Pl. 164, 
fig. 2; Pl. 165, fig. 3). In disturbed areas it is affected by systems 
of close-set fractures, resulting in rectangular fragments. 

As weathering progresses, the chert may become light gray, buff. 
mottled light and dark gray, or white with a dull or chalky appearance, 
or, it may be stained by hydrated iron oxide, manganese and organic 
matter. Individual layers may exhibit alternating light and dark gray 
or gray and brown bands of varying widths. Following prolonged 
weathering, the chert gradually becomes less brittle, and its fracture 
rough and uneven. In advanced stages of weathering the chert per- 
mits carving readily with a knife or pulverizing with a hammer. To 
the unaided eye it appears compact, but microscopic examination re- 
veals the presence of numerous minute solution cavities, which are 
often lined with small quartz crystals. 
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The chert is abundantly fossiliferous, containing the same species 
as the adjacent limestone beds. The. original calcareous material of 
the fossils has been removed in nearly all cases, leaving the fossils pre- 
served as molds. In many instances these retain the markings of the 
original in great detail. Rarely the shell itself, together with internal 
structures, has been completely silicified. Fossils transecting the boun- 
dary of the chert and limestone in most cases show silicification of 
only that part of the shell within the chert. 


Tasi_p 3.—Vertical distribution of limestone and chert within the sections 


Thickness in feet 
Distribution 
Upper third || Middle third || Lower third Total 
(8 sections) || (13 sections) || (19 sections) = 
Limestone... ... 128.67 302.92 264.25 695.84 || 46 
63.00 248.50 465.25 776.75 || 52 
Concealed...... 5.33 14.00 6.17 25.50 || 2 
Totals....... 197.00 565.42 735.67 1,498.09 || 100 


Thin section study (magnification, 100) reveals a closely knit, fine 
aggregate of quartz (Pl. 159, fig. 1) with occasional grains of calcite, 
opaque minerals, and silicified fossil fragments. The fine quartz grains 
are angular or subangular and intimately interlock with adjacent grains 
to form a compact groundmass (Pl. 159, fig. 1). Scattered sparingly 
through the sections are subangular to fairly well-rounded quartz 
grains. These are probably of clastic origin. In the zone of weather- 
ing they become secondarily enlarged. Many representative thin sec- 
tions of unweathered chert failed to reveal fibrous chalcedony. The 
calcite grains are larger than the quartz grains composing the granular 
groundmass, and are angular or subangular in outline. They are widely 
but sparingly distributed through the sections. Grains of apatite and 
shreds of mica are rare. Minute opaque grains, probably pyrite, 
limonite, and hematite of secondary origin, are likewise sparingly 
present. 


Calcareous chert —Chert of this type effervesces freely in cold, dilute 
acid, and shows a solubility of more than 5 per cent. It breaks with 
an uneven to earthy fracture (Pl. 162, fig. 1; Pl. 163, fig. 4; Pl. 164, 
fig. 3; Pl. 165, fig. 1), has dull lustre, and may be readily scratched 
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with the knife blade. Like the vitreous type, the fresh chert is gray 
to white, but weathering may change it to light or dark gray, brown, 
or yellowish brown. Prolonged weathering renders it porous and 
fragile. 

In order to determine roughly the solubility of this type of chert, 
fifteen typical samples were selected from widely separated exposures 
of the limestone, developed in recent quarrying operations and road 
building. Of the fifteen, three were from the upper part, six from the 
middle part, and six from the lower part of the Boone. The solubility 
was found to range from 12 to 85 per cent, averaging 33 per cent. 
Suites of samples may be collected in nearly every extensive outcrop 
showing a complete gradation from the insoluble vitreous chert to essen- 
tially pure limestone. 

The soluble part consists almost entirely of calcite in the form of 
shreds, ribbons, stringers, grains, and fossil fragments, which vary 
in size from a small fraction of an inch in thickness and an inch or 
more in length to microscopic dimensions, and range in texture from 
aphanitic to coarsely crystalline. The grains of megascopic dimen- 
sions are angular, in many cases with crystal outline, and may be 
either profusely or sparingly, and either fairly regularly or very irreg- 
ularly, distributed through the chert. 

Thin sections of this type of chert reveal an intimate, non-uniform, 
and irregular mixture of granular quartz and calcite (Pl. 159, figs. 
2, 3,4). The microscopic grains of calcite are either uniformly dis- 
tributed through the chert or localized in streaks, patches, and irregular 
areas. In some sections, consisting mainly of fine, granular chert, cal- 
cite fills the interstices. A part of one section was found to be entirely 
chert and an adjacent part to consist of alternating bands of calcite 
and chert (PI. 160, fig.1). The contact of the quartz and calcite grains 
appears fairly regular under low power of the microscope, but under 
high magnification it is revealed as significantly irregular, often of 
comb-teeth pattern (Pl. 160, figs. 2,3, 4; Pl. 161, figs. 1, 2). 

In addition to quartz and calcite, calcareous chert often reveals 
the same accessory minerals as the vitreous chert. 

Fragments of shells are numerous in thin sections of the chert; in 
fact, some sections consist largely of organic remains. They range 
from 0.1 to 3.0 millimeters in diameter. The interior filling of the 
shells may be fine to coarse granular quartz, or calcite, or in some 
cases it may consist of granular chert, irregularly or zonally arranged, 
within a shell composed partly or wholly of calcite. In other cases, 
the fossil walls and the interiors reveal only granular chert, and in still 
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other cases they show all possible proportions of fine, granular calcite 
and fine granular chert 161, fig. 3). Some sections show calcareous 
fossil remains with the spaces between the fossil fragments filled by 
fine granular chert or a mixture of granular chert and calcite forming 
a matrix surrounding the calcareous remains (Pl. 161, fig. 4). 


OCCURRENCE 


General_—The chert is generally distributed irregularly through the 
formation, both areally and vertically, so that adjacent stratigraphic 
sections are not comparable either in amount of chert or in vertical 
distribution. Composite sections, representing average conditions -in 
areas of one or more square miles, show that the proportion of chert is 
large, generally ranging from one-third to four-fifths of the total thick- 
ness. The chert may occur as distinct beds or as parts of limestone beds. 
No persistent horizons comparable to the Grand Falls chert were 
found in the area investigated. Chert beds, occurring as individuals 
or in groups, terminate within short distances, grading irregularly 
into limestone. 

The beds of chert possess the same structural and stratigraphic 
features as the beds of limestone. They are affected by jointing, fold- 
ing, and faulting, precisely as are the adjacent limestone beds. In 
any succession the chert and limestone beds are parallel. They are 
of the same general thickness, but, in general, sections of massively 
bedded limestone contain a smaller proportion of chert beds than do 
sections of thin-bedded limestone. Single thick beds of chert may 
grade laterally into one or more thinner limestone beds, and several 
thin beds of chert into a single thick bed of limestone. Beds composed 
partly of chert and partly of limestone normally show an irregular dis- 
tribution of chert within individual beds, and the manner of distribu- 
tion varies in contiguous beds. Thin beds are more likely to consist 
entirely of chert than are thick beds, which are likely to contain chert 
only in their upper and lower parts. The beds of any succession may 
contain large amounts of chert, little chert, or almost none at all. 


Nodules.—The chert may occur as isolated nodules or as rows of 
nodules within either limestone or chert beds parallel to the bedding, 
or aligned along bedding planes. Rarely the rows of nodules cross 
cut the beds. 

The general shape of nodules developed in crystalline limestone is 
round, oval, or lenticular, more rarely irregular. Diameters are rarely 
more than 12 inches. The longer axes of the nodules normally parallel 
the bedding, and rarely they may extend at right angles to it. Where 
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they are aligned along bedding planes the adjacent limestone is in- 
dented, thus apparently making room for the nodule. The surfaces 
of many of the nodules are ribbed, preserving the striations on the 
sides of the prongs of stylolites in the adjacent limestone.’* Nodules 
developed within limestone beds may connect upward with adjacent 
bedding planes by means of humps or prongs. Megascopic observation 
indicates that there is a definite boundary between the chert nodules 
and the enclosing crystalline limestone, but microscopic study shows 
that the normal relationship is a gradation from limestone into cal- 
careous chert, or into a mixture of calcareous and vitreous chert. Trans- 
parent calcite may form the center of some nodules. 

Nodules developed in aphanitic limestone are usually small, rounded 
masses of vitreous blue or gray chert, often with numerous prongs ex- 
tending into adjacent limestone. Viewed from a distance, a definite 
and distinct boundary appears to separate the nodules from the lime- 
stone, but, under the lens, gradation of the chert into limestone is dis- 
tinctly discernible. Nodules of this type are common in the aphanitic 
phases of the Lower Burlington and are known locally as “potato 
chert.” 

Lenses and sheets—Lenses and sheets of chert within limestone beds 
are common. Like the nodules, they generally lie parallel to the 
bedding; more rarely, like the rows of nodules, they intersect the lime- 
stone beds diagonally. Individual beds, 6 inches or more in thick- 
ness, may consist of alternating lenses and sheets of chert and lime- 
stone, each only a few inches thick. The upper and lower parts of 
a bed may consist of chert with the middle part limestone, or this rela- 
tionship may be reversed. Ramifications of chert, from an inch to 
several inches thick and up to a foot or more in length, may develop 
from lenses or sheets of chert and may penetrate at any angle the 
adjacent limestone of the same bed or of adjacent beds. 

Individual beds or lenses or sheets of chert within a limestone bed, 
traced along the strike, normally grade by irregularly penetrating con- 
tact into limestone forming the continuation of the same bed. Pene- 
trations of chert in limestone may consist of short, thin or thick pro- 
tuberances, or of long, slender fingers that are straight, curved, or 
undulating, or they may fray out into slender, undulating, or ramifying 
threads (PI. 162, figs. 2, 3,4; Pl. 163, fig. 3). The continuation of the 
limestone bed is free from chert. 


1%6E. 8. Bastin: Relations of cherts to stylolites at Carthage, Missouri, Jour. Geol., vol. 41 
(1933) p. 376-377. 
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When a bed composed of alternating layers of chert and limestone 
is broken parallel to the plane of bedding, the fractures may follow 
the contaets of the limestone and chert with regular and smooth sur- 
faces, but, much more commonly, the fractures intersect the contact 
at an angle. 

Chert-limestone contacts are rarely planes, but are, in general, un- 
dulatory (Pl. 157, fig. 1; Pl. 162, fig. 1; Pl. 163, fig. 1) and may be 
very irregular, with projections of the chert penetrating the adjacent 
limestone in stylolitic fashion (PI. 162, fig. 4; Pl. 163; Pl. 164). These 
rudely conical chert projections into the adjacent limestone may be 
several inches in length, duplicating the stylolitic structure found be- 
tween many limestone beds of the Boone (PI. 163, fig. 2; Pl. 164, figs. 
1 and 3). Such chert-limestone stylolitic structure, developed along 
bedding planes, is a common feature of the Boone limestone. The 
chert may form either the upper or the lower layer bounding the 
stylolite. Stylolites separating beds of chert are likewise common. 

The similarity between the chert-limestone contacts and the con- 
tacts of sheets and lenses of coarsely crystalline limestone with finely 
crystalline or aphanitic limestone is striking and noteworthy (compare 
Pl. 157, figs. 1,2, with Pl. 162, fig. 4 and Pl. 163, fig. 1). 

Locally, chert prongs from the edges of chert sheets and lenses project 
downward or, more rarely, upward into the adjacent limestone. They 
may fray out or finger out into the limestone, or expand into lenticles 
or nodules. Likewise, fingers, ribbons, stringers, or threads from the 
adjacent limestone may penetrate at any angle the chert sheets and 
lenses forming parts of the limestone bed (PI. 162, figs. 1,2,3). Many 
limestone beds are ramified by stringers, ribbons, and threads of chert 
with no definite orientation. 

On superficial examination, certain beds of the Boone appear to 
be laminated, but close examination reveals thin layers of dark lime- 
stone containing little chert, alternating with light-colored layers con- 
sisting of a mixture of chert and calcite grains. This alternation may 
extend through a vertical thickness of 6 inches or more. 


Chert-limestone mixtures—Many beds, lenses, and sheets of chert, 
6 inches or more in thickness, present a speckled or mottled appear- 
ance, due to the presence of angular and subangular specks, flakes, and 
small masses of limestone in the chert. The chert appears as if it had 
been thoroughly impregnated with a mass of crushed limestone, con- 
sisting of small pieces up to one inch in diameter. These fragments 
are almost invariably aphanitic and fine-grained, the aphanitic pre- 
dominating in the ratio roughly of three to one. The resulting breccia- 
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like mixture may contain occasional large, irregular, and elongated 
angular masses and small elongated “islands” of limestone which are 
normally fine- or medium-grained and aligned parallel to the bedding 
(Pl. 163, fig. 3; Pl. 164, fig. 2; Pl. 165, figs. 1, 2). A bed of chert, 
traced laterally, may pass into a chert-limestone mixture, and, still 
farther along the strike or dip, into limestone free from chert. 

Some beds and sheets of chert contain irregular masses of limestone 
up to 6 inches or more in largest dimensions. The masses are finely 
to coarsely crystalline. They are completely surrounded by chert and 
may be uniformly distributed throughout the chert or may be con- 
centrated in some part of the bed or sheet. The masses of limestone 
usually parallel the original bedding (Pl. 164, fig. 2; Pl. 165, fig. 3). 
More rarely, these masses appear to have no definite orientation (PI. 
165, fig. 4; Pl. 166, fig. 1), but their textural trend parallels the direc- 
tion of bedding, showing that the limestone masses are in concordance 
with the bedding direction. 

Entire beds and parts of beds, from a few inches to 2 or 3 feet thick, 
consisting entirely or largely of crystalline limestone, may contain 
numerous irregular flakes, grains, and small irregular pieces of chert 
(Pl. 166, fig. 1). When traced laterally such a bed may show an in- 
crease in the proportion of chert so that the rock resembles an intricate 
mixture of irregular fragments of limestone, and chert. The bed may 
ultimately grade into chert, or the proportion of chert may diminish 
and the bed grade into limestone free from chert. Beds composed of 
a mixture of small irregular masses of limestone and chert may contain 
large angular masses and thin sheets of chert which are usually aligned 
parallel to the bedding. 


Relation to crystalline limestone —The relationship of Boone chert 
to crystallinity of the limestone may be determined in almost any 
extensive fresh exposure of the Boone limestone. Chert in aphanitic 
limestone beds is subordinate in proportion to the limestone, and when 
present it consists almost invariably of small nodules, either aligned 
along the bedding planes or contained within the limestone adjacent 
to the bedding planes and connected with the bedding planes by prongs 
of chert. Sheets and lenses of chert normally penetrate only short 
distances into beds of aphanitic limestone. On the other hand, sheets, 
lenses, and large nodules are usually bounded on one or both sides by 
crystalline limestone. Thus, the occurrence of the chert of the Boone 
limestone bears an intimate relationship to the crystallinity of the lime- 
stone—it is abundant in crystalline limestone; it is subordinate in 
aphanitic limestone. 
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AMOUNT 


In order to obtain a conception of the relative proportion of chert 
and limestone and the total amount of chert present, 88 sections of the 
Boone limestone were measured, representing an aggregate thickness 
of 4,968 feet. Of these sections, 16 were in northeastern Oklahoma, 
anc. 72 in northwestern Arkansas. In the measurement of the sections 
the chert and limestone were sharply discriminated. The sections were 
selected regardless of location within the area and position in the 
formation. Sections in road and railroad cuts, quarries, and stream 
bluffs were most satisfactory, for the exposures are relatively fresh 
and free from the leaching incidental to weathering by which limestone 
is largely and rapidly removed, leaving the chert unduly abundant. 
The majority of the sections were from 20 to 70 feet thick. 

The results obtained by combining the total amount of chert and 
limestone for all the sections are included in Table 4. In this, and 
following tables, parts of sections found concealed, and hence unmeasur- 
able, are disregarded in the computations. The non-cherty St. Joe 
member was purposely disregarded. 


Taste 4—Total thickness of measured sections of Boone limestone 
Total thickness Limestone: chert 
(feet) (per cent) 


Thus, the average section of the Boone limestone, in terms of lime- 
stone and chert, is readily computed, assuming an average thickness 
of the Boone limestone of 300 feet (Table 5). 


Taste 5.—Average section of Boone limestone 


Total measured Limestone:chert Average section 
thickness (feet) (per cent) 


Using the amount of chert in the average section as a basis, the total 
amount of chert per square mile in the Boone limestone is 0.033 cubic 
mile. It follows, then, that the total amount of chert, in the entire 
area of outcrop of the Boone limestone in northeastern Oklahoma and 
northern Arkansas (4,750 square miles), is 156 cubic miles. 
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Limestone 
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To express this estimate in terms of silica, a correction must be made. 
In measuring the sections the calcareous chert, or “cotton rock,” was 
not differentiated from the vitreous chert, both being measured as 
“chert.” Since the calcareous chert is quantitatively as important as 
the vitreous chert, and has an average solubility of 33 per cent, the 
total amount of silica present in the limestone is roughly five-sixths 
of the total amount of chert. 

Further, the present relative proportion of chert and limestone was 
not the original proportion, for the prevalence of stylolites in the 
Boone implies the solution of a large amount of limestone, whereas 
little silica antedating the origin of the stylolites was dissolved during 
their development. This would have the effect of increasing the 
amount of silica relative to the remaining thickness of limestone. 

In their description of the Eureka Springs-Harrison quadrangles, 
Purdue and Miser estimated the total amount of chert in the Boone 
limestone, before any of the latter had been removed by erosion, to be 
52 cubic miles.17 The total area covered by these quadrangles is 1,925 
square miles. From their estimate the total amount of chert in the 
Boone limestone per square mile in these quadrangles, taking the aver- 
age thickness of the formation to be 325 feet, is 0.027 cubic miles, a 
result somewhat below that obtained during the current investigation 
for the entire area of Boone outcrop in northeastern Oklahoma and 
northwestern Arkansas. Based on this estimate the total amount of 
chert in the entire area of Boone outcrop in northeastern Oklahoma 
and northwestern Arkansas (4,750 square miles), is 127.87 cubic 
miles. 

From the results obtained by Purdue and Miser for the Eureka 
Springs-Harrison quadrangles, the average in the Boone limestone is 
56 per cent limestone and 44 per cent chert. 


REGIONAL VARIATION IN THE LIMESTONE-TO-CHERT RATIO 


In order to determine the areal variation in the ratio of limestone 
to chert for the entire region studied, the Boone outcrop was divided 
into four areas (Fig. 2) as follows: 


Area A—Oklahoma, south of northern boundary of Arkansas, extended 
westward (Latitude 36°30’ North.) 

Area B—Between Arkansas-Oklahoma line and 94° West Longitude 
(roughly the Fayetteville quadrangle). 

Area C.—Eureka Springs quadrangle (Longitude 93°30’ to 94° West). 

Area D.—Harrison quadrangle (Longitude 93° to 93°30’ West). 


17 A, H. Purdue and H. D. Miser: Description of the Eureka Springs and Harrison quadrangles, 
U. 8. Geol. Surv., Eureka Springs-Harrison folio, no. 202 (1916) p. 10. 
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The total thickness of all sections measured in each of these four 
areas was determined in terms of chert and limestone, the results being 
given in Table 6. 

As Table 6 indicates, the areal distribution of Boone chert is irreg- 
ular. In northeastern Oklahoma (Area A) nine-tenths of the forma- 
tion is chert. In the Fayetteville quadrangle (Area B) the proportion 


MISSOURI 


Ficure 2.—Areas of Boone outcrop 
Used for determination of regional variation in limestone-to-chert ratio (scale, approximately 
1 inch = 50 miles) 


of chert is three-fifths of the total thickness of the Boone limestone; 
in the Eureka Springs quadrangle (Area C) the relative proportions 
of limestone and chert are nearly equal, but farther east, in the Harri- 
son quadrangle (Area D), the chert comprises only a little more than 
one-third of the Boone limestone. The tabulated results also unmis- 
takably indicate a progressive but irregular eastward decrease in the 
degree of silicification. 

The results obtained are open to some question, particularly in view 
of the unequal distribution of measured sections per area. Area A, for 
example, is the largest and is represented by only 16 sections, averag- 
ing one section for every 100 square miles. Area D is the smallest, 
but averages one section for every 23 square miles. There is no doubt, 
however, as to the validity of the results, broadly considered; the 
eastward decrease in the relative proportion of chert to limestone is 
apparent even to casual observation. 
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Average results obtained in the present investigation, for the Eureka 
Springs-Harrison quadrangles, agree closely with the results based on 
the estimate by Purdue and Miser, of the total amount of chert origi- 
nally present in the quadrangles. Recasting their estimate of ihe total 


Taste 6.—Regional variation in limestone-to-chert ratio 


Amount 
of chert 
Limestone:| per 
chert ratio | square 
mile 
(cubic 
miles) 


Total thickness 


measured (feet) (per cent) 


Concealed 21 
Limestone 108 
Chert 887 


Total 1,016 


Concealed 78 
Limestone 627 
Chert 914 


Total 1,619 


Concealed 13 
Limestone 389 
Chert 437 


Total 839 


Concealed 146 
Limestone 868 
Chert 480 


Total 1,494 


3,497 4,968 


* Averages. 


amount of chert originally present in the quadrangles, in terms of lime- 
stone and chert, the proportion was found to be 56 : 44 (page 1832). 
Averaging the limestone-to-chert proportion for areas C and D of 
Table 6, the result is 55.5 : 44.5. 


Total 
2 of Number amount 
of of chert 
Area | Boone 
a outerop sections in area 
measured (cubic 
miles 
— A 1,601 16 
89 0.0506 | 81.01 
B 1,100 32 
41 
59 0.0335 | 36.85 
6d 412 23 
= 53 0.0301 | 12.40 
64 
36 0.0274 | 10.52 
* 
41:59* | 0.0354*) 140.78 
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VERTICAL VARIATION IN THE LIMESTONE-TO-CHERT RATIO 


In order to determine roughly the vertical variation in the limestone- 
to-chert ratio the Boone limestone was divided into upper and lower 
halves, each approximately 150 feet thick. The measured sections 
were then classified according to the divisions to which they belonged. 
Some of the sections belonged entirely in the upper half of the lime- 
stone, others entirely in the lower half, and still others included parts 
or all of both halves of the limestone. The results of the analysis are 
given in Table 7. 


TaBie 7.—Vertical variation in limestone-to-chert ratio 


Part of Number of Total thickness Limestone: chert 
formation Sections measured (feet) ratio (per cent) 


Upper 41 Limestone 9888 52 
Chert 811 48 
Concealed 150 


1,849 


1,103 
Chert 1,912 
Concealed 104 


3,119 


BS 


4,968 | Average 44 limestone 


56 chert 


The results of the analysis tabulated in Table 7 emphasize the 
much larger proportion of chert, relative to limestone, in the lower half 
of the Boone, the lower half averaging 15 per cent more chert than the 
upper. 

In order to determine roughly if the relationship of limestone to chert 
in the upper and lower halves of the Boone limestone would be retained 
with further subdivision, the limestone was divided into upper, middle, 
and lower thirds, each approximately 100 feet thick. The measured 
sections were then classified according to the one or more divisions 
to which they belonged. Many of the 88 sections measured included 
only a part of one of the three divisions of the limestone; others in- 
cluded parts or all of two or all three divisions of the limestone. 
The results of the analysis are given in Table 8. 


Total 
Total | 
Total 
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The results of the above analysis indicate an increase downward in 
the relative proportion of chert to limestone, amounting to 10 per cent 
for every 100 feet, the lower third of the limestone having 21 per cent 
more chert than the upper third. 


Tas_e 8.—Vertical variation in limestone-to-chert ratio 


Part of Number of Total thickness Limestone : chert 
formation sections measured (feet) ratio (per cent) 


28 Limestone 55 
Chert 45 
Concealed 


Total 
Limestone 
Chert 
Concealed 

Total 
Limestone 
Chert 
Concealed 


Total 


Total Average 45 limestone 
55 chert 


Fowler considers the silicification of the Boone in the Tri-State dis- 
trict as reaching its maximum development at certain horizons, not- 
ably, the G and H beds, Warsaw in age (in upper third of formation) ; 
O, P, and Q beds, Keokuk in age (middle third); and R bed (Upper 
Reeds Spring) Burlington in age (lower third) .'® 

REGIONAL VERTICAL VARIATION IN THE LIMESTONE-TO-CHERT RATIO 


To determine the vertical variation in the limestone-to-chert ratio 
for large areas of the entire region studied, the Boone outcrop was 
divided into the four areas, A, B, C, and D, previously used as the basis 


18 Oral communication during field conferences in Tri-State district, August 13-14, 1934, and 
in Fayetteville, Arkansas, area, August 31, 1934; also see G. M. Fowler, J. P. Lyden, F. E. 
Gregory, and W. M. Agar: Chertification in the Tri-State (Oklahoma-Kansas-Missouri) mining 
district, Am. Inst. Min. and Metal. Eng., Tech. Publ. 532-I, no. 45 (1934) p. 9. 
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for determining the regional variation in the limestone-to-chert ratio. 
The limestone was divided into upper and lower halves, each approxi- 
mately 150 feet thick, and the measured sections for each of the four 


Upper half of Boone 


10 


Number 
of sections 


Percentage 
Lower half of Boone 


Number 
of sections 15 19 15 13 


Ficurs 3.—West to east vertical variation in limestone-chert ratio 
Boone limestone divided into halves. 


areas were classified according to the division—upper or lower or 
both—to which they belonged. The results of the analysis are given 


in Figure 3. 
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The results of the analyses compiled for individual areas, and graphi- 
cally illustrated in Figure 3, agree broadly with the results, tabulated 
in Table 7, for the region as a whole. They indicate that the relative 
proportion of limestone and chert in northeastern Oklahoma in the 
upper and lower halves of the Boone is nearly the same, and that chert 
comprises much the larger part of the Boone limestone. In the Fayette- 
ville quadrangle (Area B), chert predominates in both halves of the 
limestone, but the upper half has relatively the smaller proportion of 
chert to limestone, with 7 per cent less chert than the lower half of the 
limestone. In the Eureka Springs quadrangle (Area C) the upper half 
of the Boone consists of about equal amounts of limestone and chert, 
but the lower half has 8 per cent more chert than limestone. In the 
Harrison quadrangle (Area D) limestone greatly predominates, as com- 
pared with the amount of chert present in the upper half of the Boone, 
but in the lower half the proportion of limestone exceeds the chert 
by only 4 per cent. 

The upper half of the Boone limestone shows a substantial but 
irregular increase eastward in the proportion of limestone relative to 
chert. The lower half shows a similar irregular but smaller increase 
eastward. 

In order to determine if the relative proportion of limestone and 
chert in the four areas would be retained with further subdivision, the 
limestone was divided into upper, middle, and lower thirds, each ap- 
proximately 100 feet thick, and the measured sections for each of the 
four areas were classified according to the one or more divisions to 
which they belonged. The results of the analysis are given in Figure 4. 

The results of the analyses compiled for individual areas, and graphi- 
cally illustrated in Figure 4, agree broadly with the results tabulated 
in Table 8 for the region as a whole. Throughout the entire area of 
Boone outcrop all three parts of the Boone limestone show a pronounced 
but irregular increase eastward in the relative proportion of limestone 
to chert. 

DISTRIBUTION IN SUBSURFACE SECTIONS 

The preceding discussion of the areal and vertical distribution of 
Boone chert was based entirely on exposed sections of the Boone lime- 
stone. Fortunately for comparative purposes, numerous subsurface 
sections are available, not only in the area studied but also in the ad- 
jacent territory to the south and west, where the Boone is covered to 
variable depth. In this region, many wells, drilled for possible sup- 
plies of oil and gas, have penetrated the Boone limestone. The records 
suggest no essential differences from the Boone revealed in outcrops. 
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TaBLe 9.—Subsurface sections of Boone limestone 


Depth (feet) 
Thick- 
Location ness Character 
Top of | Bottom (feet) 
Boone | of Boone 
Cowley County, Kansas 
Sec. 6-T30S-R4E 2912 2950 38 Crinoidal, cherty lime- 
(Whiteside) stone, somewhat 
dolomitic 
Mayes County, Oklahoma 
Sec. 17-T21N-R18E 450 505 55 Chert 
(Bush) 
Osage County, Oklahoma 
Sec. 1-T23N-R8E. 2095 2145 50 Chert 
(Edson) 
Cherokee County, Oklahoma 
Sec. 21-T17N-R20E 650 790 140 Chert (50 feet) 
(Edson) Chert and limestone 
(90 feet) 
Crosses, Arkansas 
Sec. 11-T14N-R28W 475 830 355 || Hard gray limestone 
(Giles) 
Winslow, Arkansas 
Sec. 24-T13N-R30W 1030 1385 355 Limestone and chert 
(Croneis) 
Northern Franklin County, 
Arkansas 
Sec. 19-T11N-R27W 2690 2980 290 || Limestone and chert 
(Littlefield and (50:50) (158 feet) 
McClellan) Limestone (5 feet) 
Limestone and chert 
(122 feet) 
Limestone (5 feet) 
Prairie Grove, Arkansas 
Sec. 30-T15N-R31W 22 330 308 Limestone and chert 
(Croneis) (298 feet) 
Chert (10 feet) 


4 
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TasBLe 9.—Subsurface sections of Boone limestone—Continued 


Depth (feet) ia 


Location ness Character 
Top of | Bottom (feet) 
Boone | of Boone 


Fayetteville, Arkansas 


Sec. 15-T16N-R30W 185 484 299 Limestone (40 feet) _ 
(Giles) Limestone and chert He 
(195 feet) 
Chert (64 feet) 
Lincoln, Arkansas 
Sec. 30-T15N-R32W 240 540 300 Gray limestone of 
(Croneis) (130 feet) 
Sandy limestone 
(80 feet) 
Dark limestone 
(90 feet) ql 
Witter, Arkansas 
Sec. 13-T15N-R26W 358 626 268 Limestone, chert, and 
(Croneis) some sand 


This conclusion, of course, does not preclude some silicification dur- 
ing later geologic time, although by far the greater part of the chert 
appears to be of pre-Chester age. The preceding considerations, how- 
ever, furnish no evidence of contemporaneity of the chert and the Boone 
limestone. The silica may have been deposited with the limestone or 
formed subsequently during post-Boone pre-Chester time. 

Notwithstanding the similarity in appearance of the chert through- 
out the Arkansas-Oklahoma area, it is probably not all of the same 
age. Its relation to the stylolites shows that stylolitic development 
preceded and also followed chert development, a feature emphasized 
by Bastin,?* and apparent in every extensive exposure of the Boone 
throughout the area. The chert originating after stylolitic develop- 
ment must, of course, post-date extensive solution of the limestone fol- 
lowing its consolidation. 


2. S. Bastin: Relation of cherts to stylolites at Carthage, Missouri, Jour. Geol., vol. 41 
(1933) p. 373-377. 
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In Table 9 the drillers’ logs have been recast in terms of limestone, 
chert, shale, and sand. The depth below the surface of the top and 
bottom of the Boone, the location of the well, and the authority for 
the interpretation of the log are also given. 

The subsurface sections described in Table 9, allowing for generaliza- 
tion and inaccuracy usually present in logs reported by drillers, indi- 
cate as extensive silicification of the Boone limestone at different depths 
as in surface outcrops. 


AGE OF SILICIFICATION 

Between reasonably narrow limits, it is possible to date the time of 
maximum silicification of the Boone limestone. In northwestern 
Arkansas, west of Searcy County, the Boone is generally overlain by 
the Batesville sandstone, with its widespread basal member, the Hinds- 
ville limestone, resting directly but unconformably on the Boone. 
The basal layers of the Hindsville member consist chiefly of fragments 
of Boone chert and limestone in a calcareous matrix.’® East of St. 
Joe, northwestern Searcy County, the Boone is unconformably over- 
lain by the Moorefield shale, a dark fissile shale with a calcareous 
basal member, the Spring Creek limestone. Descriptions of the Spring 
Creek limestone member are not sufficiently detailed to indicate whether 
it contains fragments of Boone chert and limestone. In northwestern 
Oklahoma the Boone is unconformably overlain by the “Mayes” forma- 
tion of Chester age. According to Weidman,” the basal beds of the 
“Mayes” of northwestern Oklahoma carry fragments of Boone chert 
and limestone. It appears obvious that the Chester seas invaded an 
old land surface developed on the Boone limestone, the soil of which 
contained an abundance of weathered fragments of chert and lime- 
stone, which were incorporated in the basal beds of the Batesville and 
“Mayes” formations. 

Well records demonstrate the presence of quantities of chert in the 
Boone limestone under thick cover beneath the Arkansas Valley and 
in northwestern Oklahoma and eastern Kansas, indicating that the 
chert was present in the limestone before the deposition of the overly- 
ing Upper Mississippian and Pennsylvanian beds. 

From the preceding considerations it is reasonable to conclude that 
the age of maximum silicification of the Boone antedates the Chester. 


19 A. H. Purdue and H. D. Miser: Description of the Eureka Springs and Harrison quadrangles, 
U. 8. Geol. Surv., Eureka Springs-Harrison folio, no. 202 (1916) p. 12. 

8. Weidman: The Miami-Picher zinc-lead district, Oklahoma, Okla. Geol. Surv., Bull. 56 
(1932) p. 18; also, oral communication, December, 1932. 
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FEATURES SUGGESTING REPLACEMENT 


The Boone chert exhibits many features suggesting that, for the most 
part, it replaces the limestone. Some of these features are structural; 
others are stratigraphic or paleontologic. Some are displayed on a 
megascopic, others on a microscopic, scale. That the siliceous solu- 
tions followed bedding planes is suggested by (1) beds of chert lying 
parallel to and possessing the same structural features as the limestone 
beds; (2) beds of limestone showing unequal silicification horizontally; 
(3) frequent silicification of only the upper and lower parts of thick 
beds; and (4) thick beds composed of alternating sheets of chert and 
limestone. 

The unequal distribution of the silicification horizontally and verti- 
cally in the limestone, and the irregular distribution of chert in every 
section, is indicative of replacement. The greater silicification of the 
lower and middle parts of the Boone limestone, large differences in the 
position and degree of silicification of closely adjacent sections, rapid 
changes laterally in the position of maximum silicification, the non- 
persistence of chert horizons, and the irregular areal distribution of 
chert, all suggest haphazard and irregular silicification. 

The frequent occurrence of rows of disconnected nodules and lenticles 
of chert, normally paralleling the bedding are indicative of replace- 
ment.” Not only the alignment of the nodules and lenticles parallel 
to the bedding, but the orientation of their longer diameters parallel 
to the bedding, their frequent occurrence along bedding planes, and 
in the limestone adjacent to bedding planes with which they may con- 
nect by prongs of chert, strongly suggest formation by solutions suoviug 
along the bedding planes. More rarely, the nodules are elongated per- 
pendicular to the bedding. In such cases the nodule may or may not 
connect upward with an adjacent bedding plane. No definite evidence 
of flattening of nodules subsequent to their formation was observed, 
which points to their formation subsequent to the attainment of rigidity 
by the enclosing beds. Many isolated nodules, lenticles, and rows of 
nodules and lenticles lie within beds and show no direct connection with 
bedding planes. Their occurrence, however, is restricted essentially 
to crystalline limestone, suggesting reworking of the adjacent lime- 
stone by solutions, and the formation of the nodules during, or subse- 
quent to, the crystallization of the limestone. Since in size, shape, 
structure, and surface markings the chert lenticles and nodules within 


2. S. Bastin and others: Criteria of age relations of minerals, Econ. Geol., vol. 26 (1931) 
Pp. 602-604. 
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beds are identical with the lenticles and nodules aligned along bedding 
planes or developed adjacent to bedding planes, it is reasonable to con- 
clude that they have developed in an analogous manner. The occupa- 
tion by transparent, coarsely crystalline calcite of the centers of many 
of the nodules occurring within beds or along bedding planes, their 
variable composition—consisting of a mixture of chert and calcite (the 
calcareous type of Boone chert)—and the gradation of the chert of the 
nodule into the adjacent crystalline limestone, indicate the formation 
of the nodules and lenticles by replacement of the limestone. Concen- 
tric banding of some of the chert nodules, indicative of successive cycles 
of growth, and transection of the stratification of the limestone by the 
concentric bands, likewise suggest replacement. Isolated chert nodules 
and rows of nodules in beds of chert paralleling the bedding, as in 
Cobb Cave near Ponca, southwestern Newton County, Arkansas, sug- 
gest successive cycles of replacement, the nodules forming first, fol- 
lowed later by complete silicification of the enclosing bed. 

The relationship of the nodular cherts to bedding planes and stylo- 
lites has been emphasized by Bastin, who states “that certain bedding 
planes were favorable channels both for the solution processes respon- 
sible for the formation of stylolites and for those involved in the 
development of cherts.”** In some cases the chert preceded, in other 
cases it followed, the origin of the stylolites. Certain nodular cherts 
alternate with stylolites along bedding planes, indicating that the 
cherts preceded the stylolites in origin. Further, the surfaces of the 
chert nodules are usually grooved perpendicular to the bedding, indi- 
cating that the nodules were impressed into the limestone by solution 
of the limestone, and at a time concurring with the development of the 
associated stylolites. On the other hand, many bands and nodules of 
chert are bordered on one or both sides by stylolitic partings which 
continue without interruption into adjacent limestone beds that are free 
from chert. Such chert-limestone stylolitic boundaries occur in nearly 
every exposure of the Boone limestone. Bastin concludes that “these 
cherts have developed after the stylolites that border them, the mechan- 
ism of the deposition being replacement, which halted at the layers of 
relatively insoluble residues that constitute the stylolitie partings.” ** 
Frequent occurrence of stylolites within the chert is, likewise, strong 
evidence of replacement. 


FE. S. Bastin: Relations of chert to stylolites at Carthage, Missouri, Jour. Geol., vol. 41 
(1933) p. 371-382. 
24 Op. cit., p. 376-377. 
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Lenses and sheets of chert within the limestone beds, normally parallel 
to the bedding but more rarely transecting the limestone beds at various 
angles, indicate replacement comparable to the formation of isolated 
nodules, lenticles, and rows of nodules and lenticles. Although the 
contact of sheets and lenses with the adjacent limestone may be stylo- 
litic, it is most frequently undulating and sometimes very irregular, 
frayed, or ragged (Pls. 162-164). Such contacts are a normal feature 
of replacement. Examination of the contact reveals crystalline lime- 
stone grading into either calcareous or vitreous chert (Pl. 166, fig. 2). 

Abundance of chert, particularly as sheets and lenses in the crystalline 
limestone, and its subordinate importance in beds of aphanitic lime- 
stone, except as small nodules, indicate a genetic relationship between 
crystallinity of the limestone and occurrence of the chert, which is sug- 
gestive of replacement. Frequent occurrence of sheets and lenses of 
chert, separated by crystalline limestone composing many of the thicker 
beds of the Boone, likewise suggests genetic relationship. This rela- 
tionship is further accentuated by the irregular, uneven, and undulat- 
ing contacts between sheets of coarsely crystalline limestone and ad- 
jacent finely crystalline or aphanitic limestone, which contacts closely 
resemble those between sheets and lenses of chert and the adjacent 
limestone (PI. 157, figs. 1, 2). 

The presence of “islands” of limestone in sheets of chert—the 
“islands” possessing irregular and interpenetrating contacts with the 
chert, and the same textural features and trend as the limestone form- 
ing the continuation of the same bed—the irregular forms of the chert 
sheets and lenses, the banded structure of the chert, consisting of 
narrow alternating bands of limestone and chert with indefinite, irre- 
gular, and interpenetrating boundaries, are features that normally re- 
sult from replacement. 

The lateral branching of sheets of chert, the lateral interpenetration 
of chert and limestone by irregular, interfingering, and frayed contacts 
(Pl. 162, figs. 2, 8, 4), the gradation of several thin beds of chert into 
a single thick bed of limestone or limestone and chert; all are suggestive 
of replacement. Lateral gradation of single beds, or series of beds, 
of chert or of limestone into a chert-limestone mixture composed of 
angular pieces of chert and limestone; scattered fragments and grains 
of limestone of irregular outlines, in chert beds; the ramification of 
threads and streaks of chert through limestone beds, and of threads 
and streaks of limestone through chert beds, paralleling or transecting 
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the bedding at any angle; these, also, strongly suggest incomplete re- 
placement. This is also suggested by the widely variable content of 
calcium carbonate in a large part of the chert, and the irregular and 
imperceptible gradation of the vitreous into the calcareous type of 
chert. Local silicification of the Short Creek oolite, with preservation 
of oolitic texture and the silicified oolite irregularly penetrating the 
normally calcareous oolite, is also indicative of replacement. 

Preservation of original bedding structures in beds, sheets, and lenses 
of chert may be seen in every exposure of the limestone where chert 
is abundant. Specimens illustrating the preservation of the original 
bedding in the chert may readily be selected to show a complete grada- 
tion from isolated fingers of limestone in chert, through fingers and 
lenses of alternate limestone and chert, to aligned isolated crystals of 
calcite surrounded by chert (PI. 162, figs. 1, 4; Pl. 166, figs.3,4). When 
traced laterally the calcareous areas may terminate in chert or gradu- 
ally merge into crystalline limestone with textural features similar to 
the features of the isolated relics of bedding, and aligned with them. 
Such relict features could only result from replacement. 

Replacement is indicated in the partial to complete silicification of 
fossils in the chert, in the filling of interiors of calcareous fossil re- 
mains with granular chert, or with granular chert and calcite (Pl. 161, 
figs. 3, 4), and in the silicification of those parts of fossils within the 
chert which transect chert-limestone boundaries, the parts in the 
limestone remaining calcareous. 

The evidence obtained by microscopic study demonstrates conclu- 
sively the replacement of the limestone by chert. Microscopically 
the chert is generally and typically granular (Pl. 159, fig. 1). The 
vitreous type of chert contains little calcite, but the calcareous type 
consists of a variable, irregular, unequal, and intimate mixture of 
granular calcite and quartz (PI. 159, figs. 2, 3, 4), strongly suggesting 
replacement. Detrital grains, scattered sparingly through the chert, 
are almost invariably secondarily enlarged. Under high magnification 
all chert-limestone contacts are irregular, comb-toothed, and more 
or less deeply frayed interpenetrations of granular quartz and calcite 
(Pl. 160, figs. 2, 3, 4; Pl. 161, figs. 1, 2). Sections frequently show 
isolated large and small areas of granular quartz containing sparingly 
distributed granular calcite lying within areas of granular calcite. 
Large and small areas of granular calcite containing sparingly distrib- 
uted granular quartz also occur in areas of granular quartz, the 
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contacts between areas being characteristically frayed and ragged 
(Pl. 159, figs. 2, 3, 4; Pl. 160, figs. 1,:2, 3,4). The deeply frayed or 
comb-toothed contacts between large calcite grains and fine granular 
chert (PI. 167, fig. 1), the penetration of silica along cleavage planes of 
the calcite grains, isolated large calcite grains with irregular or frayed 
boundaries in a matrix of fine granular quartz, isolated large calcite 
grains with frayed boundaries, separated by strips of fine granular 
quartz containing sparingly distributed calcite grains as if invaded by 
the quartz (Pl. 167, fig. 3), all indicate replacement. Areas of fine 
granular quartz, merging across frayed boundaries with adjacent areas 
of granular quartz and calcite and containing subordinate granular 
calcite, possess the same general pattern as large calcite grains, sug- 
gesting replacement of the original grains of calcite (Pl. 167, fig. 2). 
Alternation of narrow bands of granular calcite, carrying subordinate 
amounts of granular quartz, with narrow bands of granular quartz, car- 
rying subordinate amounts of granular calcite, suggests roughly parallel 
replacement (PI. 160, fig. 1). Frayed ends of microscopic threads of 
granular calcite containing little or no granular quartz, terminating 
in areas of granular quartz with very little granular calcite, and, simi- 
larly, frayed ends of microscopic chert threads, terminating in areas 
of granular calcite containing little granular quartz (PI. 167, fig. 4) 
suggest replacement by penetrating siliceous solutions. 

Critical examination of the megascopic and microscopic features of 
the chert, its variable chemical composition, its structural and strati- 
graphic relationships, and its paleontologic characters unmistakably 
indicate that essentially all of the chert was deposited as a replacement 
subsequent to the deposition and consolidation of the Boone limestone. 


ORIGIN 


The wide distribution of chert in formations of all ages has led to 
much speculation regarding its origin. None of the numerous theories 
has found general acceptance, and it is probable that none is univer- 
sally applicable. Chert has undoubtedly originated in different ways, 
in response to different environmental conditions. Any theory at- 
tempting to explain the origin of the Boone chert must satisfactorily 
account for the vast quantity of silica involved, its irregular areal and 
stratigraphic distribution, its preponderance in the lower part of the 
formation, its persistence in certain horizons such as in the Grand 
Falls chert, the overwhelming evidence of its replacement of the lime- 
stone, and the pre-Chester age of most of it. 
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EPIGENETIC POSSIBILITIES 
Concepts of origin.—Application of the conception of epigenetic 
origin will first be considered. The following summary, chiefly from 
Tarr,” outlines the possibilities: 


A. Source of silica within the original sediments: 
1. Derivation from siliceous skeletal remains. 
2. Derivation from inorganic siliceous residues. 
3. Derivation from alteration of siliceous minerals. 
B. Source of silica from above the chert-bearing formation: 
1. Derivation from belt of weathering. 
2. Derivation from overlying siliceous rocks. 
C. Source of silica from below the chert-bearing formation: 
1. Derivation from ascending siliceous meteoric solutions. 
2. Derivation from ascending siliceous hydrothermal solutions. 


Taste 10.—Analyses of Boone limestone of northern Arkansas 


Locality 


Allen’s Quarry,| Near Victor 


Polk Bayou, Post-Office Mall “ 


TI6N., R18W., 
Sec. 13 


Chemical constituents T13N., R6W., | T13N., R7W., 
Sec. 4 Sec. 10 


Per cent 


Loss on ignition,—CO, and or- 
ganic matter 


100.92 
.057 .09 
98.29 98.59 


% W. A. Tarr: Chert and flint in W. H. Twenhofel: Treatise on sedimentation, 2nd ed., Bal- 
timore (1932) p. 519-546. Good summary with bibliography in W. A. Tarr: The origin of chert 
and flint, Univ. Mo., Stud., vol. 1 (1926) p. 1-46. 
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Sources of silica within the limestone According to this concep- 
tion, the silica was originally present within the limestone, having been 
deposited, in one or more of several possible ways, with the accumu- 
lating lime mud. Subsequently the silica was partly or largely dis- 
solved and reprecipitated to form the Boone chert. 


Taste 11—Analyses of St. Joe limestone in northern Arkansas 


Locality 


Rhodes’ | Tomahawk 
Chemical constituents ian yoy St. Joe 


Per cent 


98.73 


The derivation of Boone chert from originally siliceous skeletal re- 
mains, such as sponge spicules, diatoms, and radiolarians, in the lime- 
stone, is inadequate as a working hypothesis because the small amount 
of such remains could furnish, at most, only a small fraction of the 
chert. 

A possible origin of chert is from inorganic siliceous residues. 
According to this concept, the silica was precipitated out of solution 
and deposited with the accumulating calcareous sediment, the silica 
thus being widely distributed in small quantities as a colloid or crystal- 
loid, or both, throughout the unconsolidated limestone. Following 
elevation and consolidation of the sediment into limestone, under- 
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ground water dissolved, aggregated, and re-precipitated the silica re- 
placing the limestone. 

In applying this concept it seemed desirable to determine the silica 
content of representative samples of Boone limestone. It was assumed 
that underground water would not be so complete and universal in 
its action that all or nearly all the silica would be removed from the 
original limestone to be re-deposited subsequently as replacement. 
Accordingly, samples were collected from aphanitic, from fine-grained, 
and from coarse-grained varieties of limestone. The samples of apha- 
nitic and fine-grained limestone were selected to represent as nearly 
as possible the original unaltered condition of the rock, following 
deposition and subsequent consolidation, with no evidence, such as 
porosity or coarse crystallinity, suggestive of work of underground 
water; the samples of coarsely crystalline limestone were considered 
to represent largely recrystallized limestone, and, hence, subjected to 
the action of underground water in which the silica originally present 
might have been wholly or partially removed. Analyses of representa- 
tive samples of the St. Joe limestone, in which chert is generally absent, 
were also made. In addition to the analyses made for the investiga- 
tion, all available analyses were also assembled and included in tables 
10 to 15.2° In tables 10 and 11, analyses are given in full, in order 
to show the detailed chemical composition of the Boone limestone. 


Taste 12.—Averages of 7 incomplete analyses of Boone limestone of northern 
Arkansas. 


Chemical constituents 


The averages of 41 analyses of Burlington limestone of Missouri are 
as follows: 


Taste 13.—Averages of 41 analyses of Burlington limestone of Missouri 


Chemical constituents 


2 Table 10 is taken from T. C. Hopkins: Marbles and other limestones, Ark. Geol. Surv., Ann. 
Rept., vol. 4 (1890) p. 98; Table 11, ibid., p. 259; Table 12, ibid., p. 99. Table 13 is taken 
from H. A. Buehler: Lime and cement resources of Missouri, Mo. Bur. Geol. and Mines, vol. 6 
(1907) p. 233-239. 
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Four analyses of samples of Burlington limestone (Table 14) collected 
from dolomitic ledges in a quarry at Ash Grove, Greene County, were 


excluded from the preceding table. 


TaBLe 14—Averages of 4 analyses of dolomitic Burlington limestone, Greene 
County, Missouri 


Chemical constituents 


Several analyses were made for this investigation with especial 
reference to their insoluble content. The results, given in Table 15, 
represent the averages of duplicate analyses for each sample.27 Many 
of the samples represent chips from several beds. 

The analyses emphasize the high calcium carbonate content of 
samples of Boone limestone that are free from chert. Samples, selected 
at random from limestone beds showing no chert to the unaided eye, 
average over 97 per cent calcium carbonate. It follows, also, from 
the preceding analyses, that representative samples of the limestone 
average under one per cent silica. The iron and alumina are also low, 
and the magnesium content of representative samples does not aver- 
age over 1.5 per cent. 

The analyses indicate further that the low silica-high calcium car- 
bonate content of the limestone is maintained generally in samples 
that are aphanitic and fine-grained and, hence, representative as hearly 
as possible of the original condition of the sediment. Samples from 
beds of coarsely crystalline limestone are as high in calcium carbonate 
and as low in silica as the aphanitic and fine-grained limestone. The 
analyses further indicate that the St. Joe limestone differs in no essen- 
tial respects chemically from the non-cherty Boone limestone. 

The low silica-high calcium carbonate of the limestone is directly 
opposed to the conception that the limestone itself is the source of the 
chert, comprising, on the average, 58 per cent of the formation. Under- 
ground water is a potent solvent, but it is hardly so complete and 
pervasive in its solvent activity as to reduce the silica content of the 
average sample of the limestone to less than one per cent. The lime- 
stone shows no evidence of loss of silica by leaching. 


2 Analyses by T. R. Rawlings, assistant in the departments of Geology and Chemistry, Uni- 
versity of Arkansas, 1932-1933. f 
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Taste 15.—Analyses of Boone limestone of north Arkansas and Missouri 


Insoluble Position in 


Sample Geographic location 


Ponca, Arkansas Lower* 
(St. Joe member) 
Johnson, Arkansas Uppert 
Noel, Missouri Uppert 
Noel, Missouri Lowert 
Sulphur Springs, Arkansas Middlet 
Gravette, Arkansas Upper§ 
Neosho, Missouri Upper*§ 
Noel, Missouri Lowert 
Johnson, Arkansas Middle§ 
Springdale, Arkansas Upper** 
Habberton, Arkansas Upper§ 
Morrow, Arkansas Uppert 
Morrow, Arkansas Upperf§ 
Prairie Grove, Arkansas Upperf§ 
Habberton, Arkansas Upper*t 
Springdale, Arkansas Upper* 
Elkins, Arkansas Upper* 
West Carroll County, Arkan- | Lower* 


HOM GH 


sas 
Johnson, Arkansas Lower*§ 
Johnson, Arkansas Lower** 
Bestwater, Arkansas Middle* 
Goshen, Arkansas Middle** 
Hindsville, Arkansas Middle§ 
Elm Springs, Arkansas Middle* 


SBNESSR 


Averages 


? Aphanitic, texture too fine to be analyzed with lens. 

* Fine-grained, grain size smaller than grains of fine granulated sugar. 

§ Medium-grained, grain size comparable to grains of coarse granulated sugar. 
“* Coarse-grained, grain size larger than grains of coarse granulated sugar. 

Oolitic. 

In order to determine the influence of proximity to chert upon the 
composition of the adjacent limestone, the approximate distance from 
chert of the samples selected for analyses (Table 15) was estimated. 
These are given in Table 16. 

A comparison of tables 15 and 16 reveals no detectable variation in 


composition of the limestone with proximity to chert layers. Lime- 
stone samples collected adjacent to chert beds, sheets, and lenses are as 
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likely to be as high in calcium carbonate and as low in silica as are 
samples of limestone collected at a. distance of several feet from the 
nearest chert layers. 

Underground water alteration of minerals originally present in the 
sediment is not applicable as an explanation of the origin of Boone 
chert, for the Boone limestone contains few minerals whose alteration 
would yield silica. 


TaB_e 16.—Approzimate distance between analyzed limestone samples and nearest 
chert horizon 


Distance (feet) 


Sample numbers 


10, 16, 17, 18, 19, 20, 23, 24......... 


Microscopic examination of the residues from acid treatment of 
14 samples revealed a mixture composed essentially of clay and quartz. 
A number of other minerals were sparingly represented, comprising not 
over five to ten per cent of the recognizable mineral grains present. 
Much of the clay is stained by limonite. 

Two varieties of quartz are present, the clear transparent rock 
crystal and the milky quartz, the latter in subordinate amounts. The 
grains vary in size from 5 or 6 millimeters to a fraction of a millimeter. 
Many of the grains are stained with, limonite. A surprising feature 
is the small proportion of rounded and well-rounded grains. This 
characteristic is due in part to secondary enlargement. Cn the other 
hand, many of the grains appear to have been angular or subangular 
originally, with little or no apparent alteration since deposition. Some 
of the rounded grains exhibit etched surfaces. The larger grains are 
detrital in origin. The smaller grains (below 0.1 millimeter in size) 
are almost invariably perfect, transparent, doubly-terminated crystals. 
Their origin is problematic. Their smooth, clear crystal faces and 
angles preclude the possibility of detrital origin, and if they have 
originated as the result of secondary enlargement, the nuclei are not 
apparent. Their origin clearly was later than the formation of the 
limestone. Splinters and fragments of quartz grains and crystals cre 
generally present in the residues, apparently derived from the larger 
grains and crystals in samples crushed preparatory to treatment with 
acid. The resolution, under high magnification, of the fine-grained 


j 
% tol 
1to2 : 
2,7, 1] to 5 
{ 
i 


1854 A. W. GILES—BOONE CHERT 


“clay” residue from many of the samples revealed delicate and perfect 
quartz crystals. 

The residues of a majority of the samples contain subangular and 
fairly well-rounded grains of green and greenish blue apatite. Grains 
of hematite were found in three of the residues; two residues contained 
magnetite; two contained limonite; and two contained ilmenite. Pyrite 
was found in one residue, zircon in one, and grains, apparently, of tour- 
maline in another. 

Carbonates were, of course, removed with the acid. Dolomite, how- 
ever, does not appear to be present in any quantity in the formation, 
except in mineralized areas. Notwithstanding the local abundance of 
galena and sphalerite, these minerals are essentially absent from wide 
areas of the limestone. Grains of chalcopyrite were collected from 
the weathered dumps of the abandoned drifts at the “copper plant” near 
War Eagle, southeastern Benton County, Arkansas. Tetrahedrite and 
enargite have been found in the Tri-State district, and enargite in the 
Yellville, Arkansas, mining district. 

The fourteen samples whose residues were examined for their mineral 
content had been analyzed to determine the proportion of their in- 
soluble content. The analyses and the number of each sample are 


given in Table 15, samples 1-10, 12-15. The average insoluble con- 
tent of the fourteen samples was found to be 3.77 per cent. Sample 
No. 2 had the lowest insoluble content (0.07 per cent), and Sample 
No. 14, the highest (11.55 per cent). 


Sources of silica from above the limestone.—According to this con- 
ception, the silica of the Boone chert was derived by descending 
meteoric water, either from rocks undergoing weathering or from 
siliceous rocks overlying the Boone limestone. 

There are weighty objections to the view thatthe silica was derived 
from rocks undergoing weathering. It has been previously pointed 
out that the maximum silification antedated the Chester (Upper Mis- 
sissippian), as indicated by the chert-limestone conglomerate, Hinds- 
ville and basal “Mayes”, overlying the Boone unconformably. 

The logs of deep wells indicate that chert is equally important in 
the limestone at depth and in outcrops. Although in Arkansas, Okla- 
homa, and Missouri the Boone underlies a large area that was at, or 
near, the surface throughout a large part of the Tertiary, the only 
known evidence indicating the constructive results of downward pene- 
trating siliceous solutions, is secondary enlargement of quartz grains 
in the weathered chert and drusy quartz surfaces of joints and cavities 
in the zone of weathering. Further, the limestone shows no greater 
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degree of silicification just beneath the soil than at greater depths. 
The silicification also shows no control by joints; instead, its distribu- 
tion parallels the bedding, indicating a relationship to bedding planes. 

An additional factor to be considered involves the possibility of 
silicification by solutions penetrating downward from the erosion sur- 
face developed on the Boone previous to the deposition of the Chester. 
This interval was long, spanning the Meramec and the St. Genevieve 
epochs. Two considerations seem sufficient to exclude this conception. 
In the first place, the low content of silica in the limestone, as revealed 
by numerous analyses, would be totally inadequate to account for the 
vast quantity of chert in the Boone. The percentage of silica in the 
limestone free from chert, as revealed by numerous analyses, is less 
than one per cent, but, assuming, for the purpose of computation, 
that the percentage of silica was originally an even one per cent, uni- 
formly distributed through the limestone, that the thickness of the 
present standard Boone section is 300 feet (126 feet of limestone and 
174 feet of chert) and that the entire percentage of silica (one per 
cent) migrated downward without any loss of silica from the belt of 
weathering, developed on the original Boone, and replaced the sub- 
jacent limestone, it follows that the thickness of limestone required to 
furnish the total 174 feet of chert would be 17,100 feet. There is no 
evidence that the Boone was originally so thick; nor even a remote 
possibility that it approached that thickness. 

In the second place, if the chert of the Boone limestone originated 
by precipitation from downward-penetrating meteoric water, the upper 
part of the Boone should normally carry the largest percentage of 
chert. As a matter of fact, the lower part of the formation is most 
highly silicified, and the upper part least, the general decrease upward 
in silification amounting to about 10 per cent for every 100 feet 
(Tables 7 and 8). 

Because maximum silicification pre-dated the Chester, formations 
overlying the Boone limestone, to furnish the silica, must have been 
of post-Boone, pre-Chester age. The only formation lying upon the 
Boone, deposited during this interval, is in northern Arkansas, the 
Moorefield shale, whose age is not precisely known (Table 1). The 
Moorefield is absent west of St. Joe, in western Searcy County, the 
Chester formations of northwestern Arkansas and northeastern Okla- 
homa resting directly on the Boone limestone. There is no evidence 
that the Moorefield contributed any appreciable quantity of silica. 
Shales are essentially insoluble rocks. In northwestern Arkansas and 
northeastern Oklahomia there is no evidence of the former existence 
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of formations that might yield silica to Boone limestone. The basal 
conglomerates of the Batesville sandstone (Hindsville limestone) and 
of the “Mayes” formation, so far as known, contain no fragments to 
suggest the former presence of formations of post-Boone, pre-Chester 
age. 

The greater silicification of the lower part of the Boone is also a 
pertinent argument against derivation of Boone silica from overlying 
formations. 


Sources of silica from below the limestone——According to this con- 
ception, the silica was derived either from rising siliceous solutions of 
meteoric, and, hence, relatively cool, origin or from rising siliceous solu- 
tions of hydrothermal, and, hence, hot, or at least warm, origin. 

Meteoric water dissolves appreciable amounts of silica during its 
descent and subsequent movements. On rising to the surface the silica 
may be precipitated to form veins or fillings of small cavities, but 
most of it remains in solution, issuing at the surface in springs, the 
waters of which, entering streams, account for the large amount of 
silica carried to the sea. So far as known, no appreciable amount of 
chert has been formed from the silica dissolved in rising meteoric solu- 
tions. The formations beneath the Boone—shales, limestone, and 
dolomites—would have been an inadequate source for any appreciable 
quantity of silica. 

The silica might have been derived from ascending hydrothermal 
solutions emanating from a cooling magma. The precipitation of the 
silica results from decrease of pressure and temperature as the hot solu- 
tions near the surface. 

The possible hydrothermal origin of chert occurring in large quanti- 
ties in limestone or other formations has been given little consideration. 
Fowler and Lyden and Weidman, in their studies of the tri-State dis- 
trict, suggested hydrothermal origin for the Boone chert of that area.”* 
Evaluation of the favorable and unfavorable factors involved will be 
attempted. 

The conception of the hydrothermal origin of Boone chert must 
rest upon two fundamental postulates; first, the presence of a magma 
sufficiently extensive to give rise to solutions transferring a large 
volume of silica during a long period of cooling; and, second, structural 
and textural conditions in the rocks overlying that magma, favorable 


2G, M. Fowler and J. P. Lyden: The ore deposits of the tri-State district, Am. Inst. Min. 
and Metal. Eng., Tech. Publ. no. 446, Class I, Min. Geol., no. 39 (1982) p. 18-23; Econ. Geol., 
vol. 28 (1983) p. 75-82. 
S. Weidman: The Miami-Picher zinc-lead district, Oklahoma, Okla. Geol. Surv., Bull. 56 
(1932) p. 63-65. 
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to the upward migration of the hot solutions. The presence of an 
extensive body of magma beneath the Ozark region during the Mis- 
sissippian cannot be definitely affirmed. If such a magma was formed 
beneath the region in middle or late middle Paleozoic time, its tem- 
perature would probably have remained high throughout the later 
Paleozoic. 

Indirect evidences of a magna are found in the occurrence of in- 
trusive bodies in various places in, and near, the Ozark region, as in 
the Rose Dome area, Silver City Area, Kansas; *° and 
Decaturville, Missouri. Igneous rocks have long been known in cen- 
tral and southern Arkansas, and have been described in a number of 
publications.** Doubtless, other occurrences of igneous rocks have 
not been discovered or described. 

Dikes cutting Paleozoic rocks are widely distributed beyond the 
Ouachita-Ozark region in eastern United States.*2 Numerous basic 
dikes have been found in the Finger Lakes region of New York, in 
eastern Kentucky, eastern Missouri, eastern Tennessee, and both basic 
and acid intrusives in western Kentucky and southern Illinois. There 
are, doubtless, other occurrences not yet discovered. The widespread 
distribution of these dikes, and their similarity, suggest a magmatic 
province in the Mississippi Valley. 

Extensive and widely spaced areas of mineralization in the Ozark 
plateau and surrounding regions—the barite deposits of central and 
southeastern Missouri ** and of Magnet Cove; ** copper ore near 


29W. H. Twenhofel and B. Bremer: An extension of the Rose Dome intrusions, Kansas, Am. 
Assoc. Petrol. Geol., Bull., vol. 12 (1928) p. 757. : 

2 §. Weidman: Igneous intrusives in Silver City area, Kansas, Am. Assoc. Petr. Geol., Bull., 
vol, 17 (1933) p. 1268-1271. Contains full bibliography. 

™C. G. Croneis and M. Billings: New area of alkaline igneous rocks in central Arkansas, 
Jour. Geol., vol. 37 (1929) p. 542-561. 

C. G. Croneis: Geology of the Arkansas Paleozoic area, Ark. Geol. Surv., Bull. 3 (1930) 
p. 149-162. 

H. D. Miser: New areas of diamond-bearing peridotite in Arkansas, U. S. Geol. Surv., 
Bull. 540 (1912) p. 534-546. 

H. D. Miser and C. 8. Ross: Diamond-bearing peridotite in Pike County, Arkansas, Smith- 
son. Rept. (1923) p. 261-272; U. S. Geol. Surv., Bull. 735 (1922) p. 279-322; Peridotite dikes in 
Scott County, Arkansas, U. 8. Geol. Surv., Bull 735-H (1922) p, 271-278. 

J. F. Williams: Igneous rocks of Arkansas, Ark. Geol. Surv., Ann. Rept. (1890) vol. 2 (1891). 

H. 8S. Washington: The foyalite-ijolite series of Magnet Cove: a chemical study of differ- 
entiation, Jour. Geol., vol. 9 (1901) p. 607-622, 645, 670. 

H. D. Miser and A. H. Purdue: Geology of the DeQueen and Caddo Gap quadrangles, 
Arkansas, U. S. Geol. Surv., Bull. 808 (1929) p. 108-111, 140-141. 

#©C,. H. Behre, Jr.: Dikes and ores of the Mississippi Valley, Eng. and Min. Jour., vol. 123 
(1927) p. 531-532. Gives numerous bibliographic references. 

33W. A. Tarr: The barite deposits of Missouri, Econ. Geol., vol. 14 (1919) p. 46-67. 

% Bryan Parks: A barite deposit in Hot Spring County, Arkansas, Ark. Geol. Surv., Inf. Cir. 


no. 1 (1932). 
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Eminence in southeastern Missouri; *° thick quartz veins in the Womble 
shale of the eastern Oklahoma Ouachita region; ** stibnite in the Stan- 
ley (Mississippian) shale in northern Sevier, southern Polk, and north- 
western Howard counties, Ouachita region, Arkansas; *’ cinnabar in 
the Stanley shale and Jackfork sandstone in Pike, Howard, and Clark 
counties, southwestern Arkansas (Athens Plateau) ; ** metallic copper 
near Benton, Saline County, and near Harrison, Boone County, Arkan- 
sas; °° traces of silver widespread in the rocks of the Ouachita region 
and Arkansas Valley *°—all suggest hydrothermal conditions. 

In the Boone limestone are found minerals characteristic of hydro- 
thermal conditions, as enargite in the Yellville region, Arkansas; * 

trahedrite, enargite, and tourmaline ** in the Tri-State district of 
Oklahoma; and chalcopyrite, widely, but sparingly, distributed. The 
primary galena-sphalerite ores of the Boone in the Joplin district, 
Tri-State district, and Yellville quadrangle, have been interpreted as 
hydrothermal in origin by Jenney, Nason, Pirsson, Tarr, Spurr, and 
Emmons. Their conclusions regarding the origin of the ore are abun- 
dantly and conclusively confirmed by recent detailed work by Fowler 
and Lyden, Weidman, McKnight, and Newhouse.** 

Considering the Mississippi Valley region as a whole, the evidence 
pointing to an ore-magmatic province has been fully reviewed recently 
by Emmons, who concludes that the ores are of hydrothermal origin.“ 
Possibly one of the most significant features indicative of widespread 
magmatic conditions is the wide distribution of the hydrothermal 
mineral, fluorite, in eastern and central United States. Fluorite is 


% Guidebook, Kans. Geol. Soc., Second Annual Field Conference (1928) p. 6. 
% Guidebook, Kans. Geol. Soc., Fifth Annual Field Conference (1931) p. 45. 
C. W. Honess: Geology of the southern Ouachita Mountains of Oklahoma, Okla. Geol. Surv., 
Bull. 32 (1923) p. 64-70. 
7 F. L. Hess: The Arkansas antimony deposits, U. 8. Geol. Surv., Bull. 340 (1908) p. 241-252, 
H. D. Miser and A. H. Purdue: Geology of the DeQueen and Caddo Gap quadrangles, 
Arkansas, U. 8. Geol. Surv., Bull. 808 (1929) p. 150-153. Contains bibliography on Arkansas 
antimony. 
3G. C. Branner: Cinnabar in thwestern Ark Ark. Geol. Surv., Inf. Cir. no 2 (1932). 
*®G. C. Branner: Mineral resources of Arkansas, Ark. Geol. Surv. (1927) p. 123. 
# Op. cit., p. 141-143. 
41E. T. McKnight: Zine and lead deposits of northern Arkansas, Dept. of Interior, Memo- 
randum for the Press, no. 28 (1932). 
428. Weidman: Tourmaline in jasperoid of the Miami-Picher zinc-lead district, Geol. Soc. Am., 
Pr., 1983 (1934) p. 117-118. 
43G. M. Fowler and J. P. Lyden: op. cit., p. 237-239. 
8S. Weidman: The Miami-Picher zinc-lead district, Oklahoma, Okla. Geol. Surv., Bull. 56 
(1932) p. 77-84. 
E. T. McKnight: op. cit. 
W. H. Newhouse: Temperature of formation of Mississippi Valley lead-zinc deposits, Econ. 
Geol., vol. 28 (1933) p. 744-751. 
“ W. H. Emmons: The origin of the deposits of sulphide ores of the Mississippi Valley, Econ. 
Geol., vol. 24, no. 3 (1929) p. 221-271. 
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common in the Niagara limestone of western New York,** where the 
stratigraphic sequence includes thick shale horizons beneath the lime- 
stone, in a region devoid of faulting. Fluorite has also been recognized 
in the Galena limestone of Wisconsin,** in the St. Louis limestone in 
the vicinity of St. Louis,*’ and in the Fernvale limestone near Bates- 
ville, Arkansas.*® The large deposits of fluorite in southern Illinois 
and western Kentucky are well known. Deposits, possibly of com- 
mercial importance, are known in north-central Tennessee and north- 
central Kentucky.*® 

Finally, the greater part of the silicification of the Boone limestone 
was not contemporaneous with the lead-zine mineralization, but its 
origin was more remote and unassociated with appreciable metalliza- 
tion. The earlier solutions were siliceous, the later solutions abun- 
dantly metalliferous. This concept is supported by the unquestioned 
development of jasperoid by replacement of the calcareous matrix of 
chert breccias during or just preceding the lead-zinc mineralization of 
the Tri-State district, pointing to widespread silicification forming the 
chert of the breccia by the agency of circulating solutions of an earlier 
period. 

A significant factor favorable to the theory of hydrothermal origin 
of the chert is the distribution of the silica in the Boone. The lower 
part of the formation carries the largest proportion of chert, and, of the 
area studied, the Boone of Oklahoma, which carries the ores in quantity 
and is the most fractured and folded, also carries the largest propor- 
tion of chert. 

A further favorable factor is the relatively thin stratigraphic section 
between the pre-Cambrian floor and the Boone formation, with absence 
of thick impervious shale horizons. 

If the chert of the Boone is correctly interpreted as a replacement 
deposit, a magmatic source would suffice for the vast amount of silica 
present. In other words, the quantity of chert presupposes a source 
that must furnish a vast quantity of silica, a quantity measurable in 
terms of hundreds of cubic miles for the entire Boone formation of 
Oklahoma, Arkansas, Kansas, and Missouri. 

The theory of hydrothermal origin of the Boone chert is not without 


4 A. W. Giles: Minerals in the Niagara limestone of western New York, Rochester Acad. Sci., 
Pr., vol. 6 (1920) p. 57-72. 

#@R. M. Bagg: Fluorspar in the Ordovician limest of Wi in, Geol. Soc. Am. Bull., vol. 29 
(1918) p. 393-398. 


47 J, D. Dana: System of mineralogy, 6th ed. (1892) p. 163. 

4H. D. Miser: Deposits of manganese ore in the Batesville district, Arkansas, U. S. Geol. Surv., 
Bull. 734 (1922) p. 26. 

© F. J. Fohs: Fluorspar deposits of Kentucky, Ky. Geol. Surv., Bull. 9 (1907) p. 66-72, 81. 
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unfavorable factors in its application. The question immediately 
arises as to the difficulty involved in the ascent of the solutions, from 
& magmatic source deep beneath the surface, through a stratigraphic 
column, 2,000 feet or more thick, containing shale horizons. Faults 
are rather widely distributed throughout the region, but their dis- 
placement is small, at the most only a few hundred feet, and, since 
they cut the Chester, they are younger than the main silicification of 
the Boone. On the other hand, the ore solutions in widely distributed 
areas, such as Joplin, Tri-State, and Yellville, are believed to have 
been able to penetrate the same thicknesses of similar stratigraphic 
units. 

A second difficulty is encountered in attempting to explain the 
absence of silicification of the St. Joe and lower formations comparable 
to that of the Boone. This difficulty is largely met by considering the 
solutions as rising under pressure and maintaining high temperature, 
both inimical to precipitation, until they penetrated the Boone forma- 
tion, the upper surface of which constituted the land surface at the 
time. 

A third objection is the widespread occurrence of chert in Missis- 
sippian limestones of North America, Europe, and Asia. No other 
system carries as much chert as the Mississippian. So widespread a 
phenomenon would seem to rest upon a general cause rather than upon 
diverse and local causes for specific areas. If the Boone chert is in- 
terpreted as of hydrothermal origin, it would seem reasonable to ex- 
tend the explanation to the widespread occurrence of chert in quantity 
in North America and abroad. This would demand vulcanism co- 
extensive with the distribution of the chert, which has not been 
demonstrated. 

SYNGENETIC POSSIBILITIES 

In recent years, much emphasis has been placed on the syngenetic 
origin of chert present in sedimentary rocks. The following summary, 
taken chiefly from a recent statement by Twenhofel and Tarr, contains 
the essential features of this mode of origin of chert.®° 


Origin of Syngenetic Chert 


A. Chert formed contemporaneously with the accumulation of the enclosing rock 
1. Derivation from siliceous skeletal remains 
(a) Skeletal remains partially dissolved, the dissolved silica with other 
silica present in solution cementing undissolved portions of the 
skeletons to form siliceous nodules, lenses and beds, subse- 
quently dehydrated and hardened into chert. 


5 W. H. Twenhofel and W. A. Tarr: Chert and flint in W. H. Twenhofel: Treatise on Sedimenta- 
tion, 2nd ed., Baltimore (1932) p. 519-546. 
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(b) Skeletal remains undergo complete or nearly complete solution, 
the silica liberated assuming a gel form and collecting in depres- 
sions on the floor of shallow seas, or lakes, subsequently dehy- 
drated and hardened to form nodules, lenses and layers of flint 
or chert. 

2. Derivation from silica precipitated in colloidal form forming nodules, 
lenses and beds which are later dehydrated and hardened to chert. 
(a) Silica is derived from land areas by weathering processes and 

carried into the sea in colloidal form by streams. 

(b) Silica is derived from hydrothermal solutions rising from be- 
neath the sea floor and pouring out onto the sea floor. 

B. Chert formed penecontemporaneously within the enclosing rock before or dur- 
ing its consolidation 

1. The chert was formed before the consolidation of limestone through 
the solution of scattered siliceous spicules and the almost immediate 
replacement of parts of the limestone. 

2. The dissolved silica carried in by streams may have been deposited 
with the enclosing sediments. Soon after deposition silica was redis- 
solved and reprecipitated within the unconsolidated sediments, dis- 
placing, replacing, and filling cavities of surrounding sediments later 
dehydrated and hardened to chert and flint. 

3. Silica is derived from ascending hydrothermal solutions emanating from 
a cooling lava reservoir deep beneath the sea floor and precipitated be- 
cause of relief of pressure and cooling as the solutions penetrate the 
unconsolidated sediments. Silica thus released may remain scattered 
through the loose, wet sediments, or subsequently be dissolved and 
reprecipitated to fill cavities and replace beds. 

4. Silica is derived from lavas erupted on the sea floor during the accumu- 
lation of the sediments, or intruded into unconsolidated sediments 
underlying the sea floor. The silica released from the cooling lava 
may be precipitated in the subjacent or enclosing sediments, later 
dehydrated and hardened to form chert and flint. 


In view of the evidence that the chert of the Boone is a replacement 
deposit, the application of the conception of syngenetic origin would 
seem to involve the immediate, or almost immediate, solution and re- 
precipitation of the silica, following its original precipitation as a col- 
loid, the silica replacing the unconsolidated or recently consolidated 
beds, thus making the chert penecontemporaneous in origin. Even 
with this provision the conception encounters difficulties, since both 
thin and thick limestone beds containing chert lenses and sheets show 
no leaching effects, little or no porosity, and locally no crystallization 
of the limestone, which, due to the facility with which limestone is 
dissolved or crystallized, should have accompanied, to some degree at 
least, the solution of the silica and its precipitation as chert. The low 
content of silica in the limestone free from chert is, likewise, inimical 
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to the conception that the limestone beds furnished the silica. The 
presence, in the Boone, of much chert formed after the development 
of the stylolites in the limestone is a further difficulty in the applica- 
tion of the syngenetic theory. 

The application of the syngenetic concept fails to receive support 
from the generally non-cherty character of the St. Joe member. Just 
why so little chert should be deposited in the St. Joe, which is other- 
wise physically and chemically essentially identical with the cherty 
Boone, is a problem difficult of solution under the syngenetic concept. 

Since the syngenetic origin of chert is postulated as a universal and 
general process, acting under favorable conditions, its application to 
the immediate problem of the origin of Boone chert encounters difficulty 
in accounting for the irregular areal distribution of the chert, its ir- 
regular decrease eastward from Oklahoma into north-central Arkan- 
sas, and its irregular increase downward in the formation, abruptly 
ceasing at the top of the St. Joe limestone. Explanation for the partial 
and complete silicification of calcareous fossil remains is, likewise, 
unsatisfactory. Nor is it apparent how nodules, lenses, sheets, and 
beds of chert, 6 to 12 inches thick, could accumulate on a muddy sea 
floor and maintain the degree of purity that much of the chert exhibits. 
During the accumulation of thick masses of chert, more or less muddy 
sediment would normally become incorporated with the precipitating 
silica, and remain as aphanitic layers and patches, irregularly dis- 
tributed through the nodules, sheets, and beds. Finally, the syngenetic 
hypothesis fails utterly to explain the textural and structural features 
of the chert, its variable composition, and its relationship to the en- 
closing limestone, described on preceding pages. 

Application of the concept of syngenetic origin of chert depends on 
the accumulation of silica in shallow sea waters until the concentration 
causes it to be precipitated as a gel. Even with a large influx of silica 
in solution, it seems doubtful that such concentration could be accom- 
plished in an environment constantly and vigorously agitated by waves 
and currents. Instead, the silica would tend to be dissipated widely, 
preventing the essential concentration. In nearly enclosed epeiric seas 
the tendency toward dispersal of the silica would, of course, be less 
pronounced. 

The theory of syngenetic origin is apparently intended to be of 
general application and is applied in explanation of the origin of chert 
in formations of pre-Cambrian to Tertiary age, but, since sandstones 
and shales contain little chert, its application is restricted by sup- 
posing that “peneplained or base-leveled lands, that is, lands supply- 
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ing little arenaceous or clayey sediments, are necessary for the synge- 
netic formation of flint and chert deposits of any magnitude and purity, 
since high and dissected lands would furnish too much mud and sand 
to the sites of deposition, and the precipitated silica would thus be 
disseminated throughout the clastics.”° Favorable climatic condi- 
tions, such as warm, humid climates facilitating rock decay, are also 
postulated. In accordance with these restrictions, chert may be ex- 
pected to be limited essentially to calcareous sediments; yet many 
limestones, deposited in association with low-lying lands, and, in all 
respects, apparently as favorable for the formation of chert, according 
to this theory, as is the Boone limestone or other cherty limestone, 
are essentially free from chert or contain only an insignificant fraction, 
in comparison with the large proportion of chert that the Boone con- 
tains. For example, there may be cited the Niagara limestone of 
western New York, the Stones River and Chambersburg limestones of 
the Middle Appalachian region, the Onondaga limestone of the east- 
ern Interior. In the northern Arkansas section the Pitkin limestone, 
of upper Chester age, contains scattering small nodules of flint only, 
and the Brentwood limestone, of early Pennsylvania age, is essentially 
free from chert. The thick Ordovician Cotter dolomite contains con- 
siderable chert, chiefly as rounded masses, usually interpreted as or- 
ganic in origin and termed “Cryptozoa.” Other examples of chert- 
free limestone, deposited under conditions apparently favorable for 
chert formation according to this theory, might be cited, but those 
just given seem sufficient to demonstrate that the syngenetic theory of 
inorganic origin is by no means of general application; in fact, it seems 
highly restrictive in its application, and, further, restricted to the most 
easily replaced of all rocks of the earth’s crust, the calcareous sedi- 
ments, and, further, restricted essentially to certain formations. While 
the theory may correctly explain the origin of some of the small chert 
and flint nodules found in limestone formations, much strengthening 
and modification of the theory appears necessary before it can be con- 
fidently accepted as explaining the origin of chert in large quantity, 
widely distributed geographically and stratigraphically. 

There is no evidence that the silica of the Boone was derived from 
hydrothermal solutions, originating in magma, intruded beneath the 
sea floor or into the Boone sediments. Not only is there absence of 
such intrusions in the stratigraphic column beneath the Boone lime- 
stone, but, instead, the evidence indicates replacement of consolidated 
and hardened limestone rather than unconsolidated sediments. 


5! Op. cit., p. 542, 
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In a recent communication, McKnight *? has suggested that the 
Boone chert was formed by replacement of the limestone on the floor, 
or just beneath the floor, of the sea, shortly after the deposition of the 
bed of limestone in which the chert occurs. The silica was derived from 
the sea, according to this theory, the Mississippian being a time of heavy 
contribution of silica to sea water. The origin of the silica in this way 
would explain the tendency of the chert to occupy certain stratigraphic 
horizons and its generally horizontal rather than cross-cutting dis- 
tribution. In order to reconcile this concept of the origin of the chert 
with the evidence of replacement of solidified, generally crystalline 
limestone, McKnight suggests that the lime mud was solidified, and 
more or less crystallized, immediately following its deposition, citing 
as evidence of the speed of solidification the occurrence of intraforma- 
tional conglomerates, indicating that solidification on the sea floor is 
sufficiently rapid so that a preceding bed may be broken up and in- 
cluded as fragments in a succeeding bed. According to this suggestion, 
the chert is penecontemporaneous and epigenetic in origin. 

The application of this concept is not without difficulty, since the 
mechanics of the process are indefinite and unsolved. The absence of 
the chert in the St. Joe member presents its usual complexity, nor is it 
apparent why the Mississippian should have been a time of greater 
silica accumulation in the sea than other times of low lands. The con- 
centration of the requisite amount of silica in the water of an open 
sea is another problem. The relationship of the chert to stylolites, 
which are undoubtedly slowly formed following consolidation and ele- 
vation of limestone, is still another factor difficult of solution under this 
concept, which is hardly in accord with the evidence that some chert 
was formed later than the stylolites; and there is absolutely no evi- 
dence that the chert formed earlier than the stylolites originated in a 
different way from that formed later. If it is true that the chert 
was deposited by replacement of the limestone on, or beneath, the sea 
floor, the process involved not only the addition of a large amount of 
silica, but also the removal of commensurate amounts of calcium car- 
bonate. The latter process is not so easily pictured on a sea bottom, 
as it is beneath a land surface. 


CONCLUSIONS 


The Boone limestone was deposited during early Mississippian time, 
as a mud consisting of more or less comminuted shell remains mixed 
with aphanitic calcareous particles chiefly of organic origin. Follow- 


52 Personal communication, dated Miami, Oklahoma, April 28, 1934. 
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ing diagenesis of the calcareous sediment, the beds were nearly every- 
where permeated by solutions, and the greater part of the limestone 
was recrystalized. Recrystalization was irregular and incomplete, 
resulting in abrupt changes in texture and in irregular and undulating 
contacts between aphanitic and crystalline limestone, and between 
finely and coarsely crystalline limestone. Stylolites are prevalent 
throughout the formation, implying the solution of large amounts of 
limestone. 

Two types of “chert” are present—essentially insoluble chert, which 
is typically granular and vitreous, and calcareous chert, or “cotton 
rock,” which is limestone in various stages of silicification. The inti- 
mate relationship between the two types, as juxtaposition, intergrada- 
tion, and alternation, suggest contemporaneous origin. One type is 
quantitatively as important as the other. Either may occur as rami- 
fications, knots, nodules, lenses, and sheets in limestone, and as 
distinct beds. 

The chert of the Boone limestone bears an intimate relationship to 
the crystallinity of the limestone—it is abundant in crystalline lime- 
stone and subordinate in aphanitic limestone—leading to the conclusion 
that the crystallinity of the limestone was a fundamental factor in 
determining the distribution of much of the chert. Some crystalliza- 
tion of the limestone may have occurred during the percolation of the 
siliceous solutions depositing the chert. 

The amount of chert (including the “cotton rock”) in the Boone 
limestone exceeds the amount of limestone by nearly 10 per cent, ag- 
gregating 0.033 cubic miles per square mile, and totaling 156 cubic 
miles in the Boone outcrop of Arkansas and Oklahoma. The areal 
distribution is irregular, but, in general, the proportion of chert to 
limestone decreases irregularly eastward from Oklahoma to north- 
central Arkansas. The lower half of the Boone has, roughly, 15 per 
cent more chert than the upper half; the lower third, 21 per cent more 
chert than the upper third. 

The limestone carries as large a proportion of chert beneath thick 
cover of Chester and Pennsylvanian sediments as in its area of outcrop. 

The greater part of the silicification was accomplished before Chester 
time, and preceded the lead-zine mineralization. 

The chert is regarded from ail available evidence, megascopic and 
microscopic, as a replacement of the limestone. 

Investigation of the possibility of derivation of the silica from within 
the Boone limestone yielded negative results, and the possibility of its 
derivation from above the limestone was found untenable. Likewise, 
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the maximum quantity of silica that might possibly have been pre- 
cipitated from rising meteoric solutions is regarded as wholly incom- 
parable with the quantity of chert present in the Boone limestone. 

Attempted application of the concept of hydrothermal origin from a 
deep-seated magmatic source was found to have strong support, par- 
ticularly in the abundant evidence of widespread magmatic conditions 
in the Mississippi Valley region, chiefly dikes, ores, and fluorite, in- 
cluding the widespread ores of hydrothermal origin in the Boone. A 
hydrothermal source appears adequate to supply the vast amount of 
silica present in the Boone. It is, also, in accord with the observed up- 
ward decrease in silicification of the limestone, and with the observed 
decrease in silicification eastward from the most disturbed area of 
Oklahoma to the little disturbed area of Arkansas. Difficulties en- 
countered in the application of the theory of hydrothermal origin lie 
in the mechanics of ascent of hot solutions through a stratigraphic 
column, 1800 feet or more thick, with little faulting, as in northwest 
Arkansas, absence of comparable silicification of the basal St. Joe 
member of the Boone, and underlying formations, and, most serious of 
all objections, the widespread distribution of chert in Mississippian 
limestones of North America, Europe, and Asia. A phenomenon so 
widespread should rest upon a common cause; hence, if the Boone 
chert is hydrothermal in origin, presumably extensive and widespread 
Mississippian silicification elsewhere should likewise be hydrothermal, 
which would demand vulcanism of middle or later Paleozoic, essentially 
co-extensive with the distribution of Mississippian chert, a postulate 
not demonstrated as true. 

The attempted application of the concept of syngenetic origin of the 
chert was found to possess too many difficulties, the chief of which is 
the manifold evidences of replacement of consolidated limestone. 
Other difficulties are found in the irregular vertical and areal distribu- 
tion of the chert, the partial and complete silicification of fossil re- 
mains, the freedom of the chert from sea floor sediment, its variable 
composition, the gradation of chert through silicified limestone into 
limestone free from chert, the vast quantity of “cotton rock” repre- 
senting various degrees of silicification of limestone. Finally, the syn- 
genetic hypothesis fails to explain the textural and structural features 
of the chert, such as relics of bedding, areas of coarsely crystalline 
calcite within chert lenses and nodules, relationship of chert to stylo- 
lites and of chert nodules to bedding planes, and other features preva- 
lent in every exposure of the Boone limestone. 
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The possibility of penecontemporaneous-epigenetic origin of the 
chert, as replacement of the limestone beneath the sea floor by down- 
ward penetrating sea water containing dissolved silica, has fewer ob- 
jections than the postulated syngenetic origin, but this concept en- 
counters such serious difficulties in its application that it appears un- 
tenable. Much of the chert is later than stylolitic development. Many 
features indicative of replacement are identical with replacement fea- 
tures known to have occurred beneath land surfaces. Present knowl- 
edge of sea floor conditions is too meager to afford the basis for a work- 
ing hypothesis adequate to explain the occurrence, distribution, and 
character of Boone chert and its varied and complex relationship to 
the limestone. 

In conclusion, the origin of the large volume of silica in the Boone 
limestone presents a difficult and perplexing problem. The hypothesis 
of its hydrothermal origin appears to have stronger support, both in 
observation and in theory, and fewer objections than any other hy- 
pothesis. It deserves thoughtful and thorough consideration in all 
studies involving directly or indirectly the chert of the Mississippian 
limestone of the interior of North America. 
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EXPLANATION OF PLATES 


Prats 158 
MICROSCOPIC FEATURES OF BOONE LIMESTONE 
Figure Boone LIMESTONE. 


Fairly even-grained, finely granular calcite with essentially no altera- 
tion. Crossed nicols; x 100. 


Fiaure 2.—FINE-GRAINED BooNE LIMESTONE. 
Largely triturated fossil fragments. Little secondary calcite. Crossed 
nicols; x 40. 


Ficure 3—MeEpDIUM-GRAINED BooNE LIMESTONE. 


Fossil fragments partly altered to secondary calcite, with development 
of plates of secondary calcite between fossil fragments. Crossed nicols; 
x 40. 


Figure 4.—Coarse-GRAINED BooNE LIMESTONE. 
Interiors of fossil fragments filled with large plates of secondary calcite, 
which also surround and locally penetrate the fragments. Crossed 
nicols; x 100. 
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PiaTe 159 
MICROSCOPIC FEATURES OF BOONE CHERT 
Ficure 1—BooNe CHERT OF THE VITREOUS TYPE. 
Crossed nicols; x 100. 


Figure 2—MIxtTuRE OF CALCAREOUS CHERT AND CALCITE WITH MICROSCOPIC FOSSIL 
FRAGMENTS. 
Calcite about ten per cent of section. Crossed nicols; x 100. 


Figure 3.—MIXTURE OF CHERT AND CALCITE. 
Calcite about fifty per cent of section. Crossed nicols; x 100. 


Ficure 4.—CHERT WITH IRREGULAR AREAS OF VARIABLE SIZE CALCITE. 
Crossed nicols; x 100. 
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MICROSCOPIC FEATURES OF BOONE CHERT 
Figure 1—CHERT AND CALCITE. 


Alternating bands of granular chert with little calcite, and granular 
calcite with little chert. Crossed nicols; x 10. 


Ficure 2.—CHERT AND LIMESTONE. 
Slightly frayed contact between chert containing little calcite and fine 
granular limestone. Crossed nicols; x 100. 


Ficure 3—CHERT AND LIMESTONE. 


Irregular contact between chert containing small irregular areas of 
calcite and granular limestone. Crossed nicols; x 100. 


Fiaure 4—CHERT AND LIMESTONE. 
Indefinite contact between chert containing many isolated areas of 
calcite and granular limestone. Crossed nicols; x 100. 
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Puate 161 
MICROSCOPIC FEATURES OF BOONE CHERT 


Fiaure AND CHERT. 
Slightly frayed contact between limestone and chert containing small 
isolated areas of calcite. Crossed nicols; x 100. 

Ficure 2.—CHERT AND LIMESTONE. 
Indefinite contact between chert with essentially no calcite and lime- 
stone. Crossed nicols; x 100. 

Figure 3—Cuerr. 
Containing isolated areas of calcite, filling interior of long calcareous 
fossil fragment. Crossed nicols; x 100. 

Figure 4.—CHERT AND CALCITE FILLING. 


Between calcareous fossil fragments. Crossed nicols; x 100. 
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Prats 162 
RELATION OF CHERT TO BOONE LIMESTONE 


Ficure 1—FINELY CRYSTALLINE LIMESTONE. 


End of remnant bordered by calcareous chert with specks, grains, and 
crystals of calcite. Limestone-chert contacts irregular. Size, 344” x 342”. 


Fiaure 2—APHANITIC LIMESTONE. 
End of remnant in a chert-limestone mixture. Size, 3” x5”. 


Ficure 3.—PARALLEL REMNANTS OF APHANITIC LIMESTONE. 
One with irregular and frayed contacts; the other, fraying out into 
chert. Limestone remnants (dark) separated by fine chert-limestone 
mixture. Size, 444” x 644”. 


Ficure 4.—END OF SMALL CHERT FINGER. 


Containing irregular patches of limestone and coarsely crystalline cal- 
cite penetrating finely crystalline limestone with undulating contacts. 
Size, 744” x9”. 
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Puiate 163 
RELA” /ON OF CHERT TO BOONE LIMESTONE 


Ficure 1—CHErt AND LIMESTONE. 
Undulatory and interpenetrating contact of chert and coarsely crystal- 
line limestone. Chert with calcite grains and calcareous fossil frag- 
ments. Size, 3%” x6%”. 


Fiaure 2.—FIn&-GRAINED LIMESTONE REMNANT BORDERED BY VITREOUS CHERT. 


One contact, undulatory; other contact (L), saw-toothed; with small 
isolated limestone areas in adjacent chert. Size, 344” x 344”. 


Fiaure 3—REMNANT OF APHANITIC LIMESTONE. 
Penetrated by irregular chert finger (lower part), and bounded on one 
side by fine saw-toothed contact with vitreous chert, and on the other 
side by irregular contact grading into a fine chert-limestone mixture. 
Size, 3” x 4”. 


Figure 4—LiMEsToNE AND CHERT. 


Frayed contact between coarsely crystalline limestone and calcareous 
chert containing specks and threads of limestone near the contact.’ Size, 
4” 
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RELATION OF CHERT TO BOONE LIMESTONE 


Figure 1.—REMNANT OF FINE-GRAINED LIMESTONE. 
Bounded on one side by chert with frayed contact and on the other 
side (L) by coarsely crystalline calcite containing irregular masses of 
chert. Size, 344” 


Ficurp 2—REMNANTS OF CRYSTALLINE LIMESTONE. 
With irregular chert contacts, separated by chert-limestone mixture. 
Limestone remnants aligned parallel to original bedding. Size, 544” x 
9%”. 


Figure 3.—STYLOLITIC BOUNDARY OF COARSELY CRYSTALLINE LIMESTONE AND CHERT. 
Chert contains fragments of limestone and calcite crystals. Size, 3” x 
414”, 


Figure 4.—THREADS OF LIMESTONE. 
Resembling vermicular remains in calcareous chert. Size, 5” x5”. 
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Puiate 165 
RELATION OF CHERT TO BOONE LIMESTONE 


Figure 1—CHERT AND LIMESTONE. 
Mixture of calcareous chert and aphanitic limestone with irregular 
contacts. Size, 244” x4%”. 


Ficure 2.—CHERT AND LIMESTONE. 
Irregular mixture of calcareous chert and aphanitic limestone with 
limestone finger. Size, 3%” x 4%”. 


Ficure 3.—CoarsE MIXTURE OF CHERT AND FINE-GRAINED LIMESTONE. 
Irregular chert-limestone contacts. “Islands” of limestone aligned with 
original bedding. Size, 444” x 744”. 

Figure 4—MIxtTurE OF APHANITIC LIMESTONE AND BRECCIATED CHERT. 
“Islands” of limestone without apparent alignment. Size, 544”x7”. 
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RELATION OF CHERT TO BOONE LIMESTONE 
Figure 1—LIMEsToNB AND CHEAT. 


Small specimens of mixture of aphanitic limestone and chert. Areas 
of limestone without alignment. 


Ficure CHERT. 
Irregularly grading into a mixture of coarse calcite and chert which 
grades irregularly into coarsely crystalline limestone. Size, 5” x 744”. 


Ficure 3.—RE Ics OF BEDDING. 
Consisting chiefly of parallel bands of coarsely crystalline limestone 
and calcite crystals. Size of specimens: upper, 2” x 4”; middle, 3” x 6”; 
lower, 134” x 5%". 


Ficure 4.—RELICSs OF BEDDING. 
Consisting chiefly of bands of isolated calcite crystals. Note end of 
chert finger, introduced apparently before silicification of adjacent 
crystalline limestone. Size, 5” x6%”. 
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MICROSCOPIC RELATION OF CHERT TO BOONE LIMESTONE 


Figure 1—Ca.cire AND CHERT. 


Frayed contact between large calcite grain and chert containing irregu- 
lar areas of calcite. Crossed nicols; x 100. 


Fiaure 2.—CHERT AND CALCITE. 
Irregular area of chert containing small isolated areas of calcite sur- 
rounded by calcite containing little chert. Suggests replacement of 
former large calcite grain. Crossed nicols; x 100. 


Fieure 3.—CaLciTe AND CHERT. 
Large calcite grains with frayed borders separated and penetrated by 
chert containing small, isolated, irregular areas of calcite. Crossed 
nicols; x 100. 


Figure 4.—CHERT AND CALCITE. 
Frayed end of chert stringer containing isolated areas of calcite, pene- 
trating finely crystalline calcite. Crossed nicols; x 100. 
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MEDIAL MORAINES 
Developed at the junction of de Tal¢fre, Leschaux, and Geant glaciers, which form the Mer de 
Glace in the French Alps. Note how nearly completely the iceflow of the impotent Taléfre Gla- 
cier has been blocked off by the passage of the powerful, deep masses of the Geant and the * es- 
chaux. Géant Annual Banding (foreground) is especially clear. Patches of winter snow (kt 
right) occupy hollows of the dark bands even in July. 
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INTRODUCTION 


Controversy has long centered about the problem of glacial motion 
and the physical properties of glacial ice. R.T. Chamberlin has dem- 
onstrated by experiment’ that glacial ice, subjected to shearing stress, 
can be faulted and overthrust in the same manner as rock. On the 
other hand, the late R. S. Tarr and O. D. Von Engeln have persistently 
maintained ” that glaciers, although composed of ice which is a crystal- 
line solid, nevertheless, exhibit the characteristics of a plastic or viscous 
type of flow, and easily adapt themselves without rupture to the ir- 
regularities of the terrain over which they pass. H. Hess* revoiced 
the discussion recently by championing the theory of plastic flow. 

Observation in the Alps and in Alaska has led the writer to concur 
with Chamberlin that, in all probability, glacial ice behaves in both 
ways. Not one of the glaciers visited by the writer during his field 
experience fails to show clearly a plastic adaptation of its shape to its 
surroundings. This experience leads to the conviction that the greater 
the extent of the glacier, the more marked are the signs of its plasticity; 
although shearing, to a greater or lesser degree, has also been in evi- 


* Manuscript received by the Secretary of the Society, February 8, 1935. 

1R. T. Chamberlin: Instrumental work on the nature of glacial motion, Jour. Geol., vol. 36 
(1928) p. 1-30. 

2R. 8S. Tarr and O. D. Von Engeln: Experimental studies of ice with reference to glacier 
structure and motion, Zeitschrift fiir Gletscherkunde, Tr., bd. 9, heft 2 (1915) p. 81-139. 

*H. Hess: Das eis der Erde, Handbuch der Geophysik, bd. 7, lief. 1, Berlin (1933). 
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dence. Two recent expeditions into southeastern Alaska have provided 
considerable new data bearing on this subject. During a reconnaissance 
flight over the southern end of the Malaspina Glacier in Alaska on 
August 23, 1933, which had for its purpose the re-location of the ice 
fronts of the glaciers of the coastal region between Cape Spencer and 
the northern shore of Yakutat Bay, both Richard Goldthwait and the 
writer were much impressed by the extraordinary morainic systems of 
this huge piedmont icefield. 

It is hard to overestimate the value of the airplane in Alaskan glacial 
work. In four peaceful hours on this August afternoon, we not only 
succeeded in re-locating and taking photographs of every important 
glacier along 150 miles of rough Alaskan coast, but were also able to 
make an aerial reconnaissance of the whole southern third of the Mala- 
spina and its tributary valleys—an area which would have required 
many months to cover on foot. 

When we returned to our base camp at Crillon Lake that evening, 
we were certain that we had discovered in the surface of the Malaspina 
a magnificent new demonstration of the qualities of glacial ice. Al- 
though it had not been studied for some time, the Malaspina ice field 
is well known. Israel C. Russell traversed and mapped it during his 
two attempts to climb Mount Saint Elias in 1890 and 1891.4 It was 
crossed by the Duke of the Abruzzi during his conquest of this same 
mountain in 1899,° and it was also visited by the National Geographic 
Society expeditions under Tarr and Martin during the first decade of 
the present century. But until this visit in 1933 its surface had not 
been photographed or studied from the air. 

The piedmont type of glacier is common along the northern coast of 
southeastern Alaska. Snow accumulates in tremendous volume on the 
lofty summits of the coast range, most of whose mass is of intrusive 
origin. Valley glaciers descend westward to the coast across a belt 
of highly metamorphosed schists in which they have cut narrow valleys, 
some of which are several thousand feet deep. A fault of great throw 
parallels the coast for a distance of over one hundred miles south of 
Yakutat Bay, separating these schists from the ancient volcanics of the 
low coastal hills and the sandstone series of the littoral. Due to con- 
siderable marine erosion of the surface of these coastal rocks and a 
post-Pliocene uplift of several hundred feet along this part of the Pacific 
shore, one frequently finds coastal-plain areas, underlain mostly by 


“I. C. Russell: Second erpedition to Mount Saint Elias, in 1891, U. S. Geol. Surv., 13th Ann. 
Rept., pt. 2 (1893) p. 1-91. 

5 HRH the Duke of the Abruzzi: The ascent of Mount Saint Elias (1900) London. 

®R. 8. Tarr and Lawrence Martin: Alaskan glacier studies, Nat. Geog Soc., Spec. Publ. (1914) 
498 pages. 
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shales, conglomerates, and sandstones, which rise gently from the sea 
toward the base of the main mountain masses. 

Beyond the point where the glaciers ‘traverse the fault, they are no 
longer confined to narrow canyons, but are spread out in broad, sym- 
metrical fans across the smooth coastal plain. In some instances, such 
as that of La Perouse, the Fairweather, and the Grand Pacific, these 
piedmont ice sheets reach tidewater. Elsewhere, as in the case of the 
Yakutat and Alsek glaciers, the piedmont fans are separated from the 
sea by morainic tracts covered with dense coastal forests or wide barren 
plains of outwash gravel. 

The Malaspina is unique in that it is produced by coalescence of 
nearly a dozen small tributary glaciers, all of which pour their con- 
tributions through gaps in a range of low coastal hills that lie in a 
semi-circle about the base of the Saint Elias massif. It may well be 
referred to as a compound piedmont glacier. As a medium for the 
study of moraines such a composite glacier is ideal. The remarkable 
convolutions developed in the numerous medial moraines are significant 
indications of the flow of ice. 

Our first photographs, together with a short summary of the 1933 ex- 
pedition, were submitted to the Geological Society of America during 
the spring of 1934, and a second flight over this region on July 12, 1934, 
was financed by a grant from the Penrose Bequest. A series of detailed 
photographic studies of the surficial phenomena of the glacier was made 
in an attempt to solve from the air the problem of their origin. In ad- 
dition to this flight, a large amount of ground work was carried out 
upon the glaciers in the vicinity of the base camp at Crillon Lake, 
one hundred miles south of Yakutat. 

The results of this research, together with two years of Alpine in- 
vestigation by the author in 1929 and 1931, have furnished a back- 
ground for the writing of this paper. 


THE MEDIAL MORAINE 


Medial moraines, resulting from the union of two or more glaciers 
to form a “trunk” or “compound” glacier, are, in brief, the surficial ex- 
pression of the fusion of two adjacent lateral moraines, and they appear 
as narrow bands of debris trending roughly parallel to the margins of a 
trunk glacier. 

If glaciers join above the snow line, the medial moraine is deeply 
buried under snow which may be sufficiently thick to become com- 
pacted into a new layer of ice. 

In the case of the Seward Glacier, the main feeder of the Malaspina, 
a vast number of medial moraines have been so completely buried by 
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a layer of surface-ice that they do not appear until ablation uncovers 
them, well over twenty miles below their source. This fact explains 
the origin of many medial moraines which slowly appear on the surface 
of a trunk glacier. In many cases these may be due to submerged 
rock masses projecting up into the ice from below, but often they can 
be traced several miles upstream to a junction where a medial moraine 
has become buried. 

The first expression of the medial moraine is a mere intermittent 
streak of debris on top of the ice. As ablation progresses, however, the 
streak becomes broader and more continuous, and as the terminus is 
reached, the medial moraine acts commonly like an avalanche-moraine, 
protecting the ice below, and thus developing a high ridge of rock- 
coated ice. 

CONTORTED MEDIAL MORAINES 

Slight periodic contortion or deformation of the medial moraine often 
occurs in compound glaciers which pass over icefalls. Only a meager 
amount of active avalanching takes place on most icefalls during the 
winter months, whereas they are very active during the summer. This 
summer impetus given the lower glacier is likely to result in a moder- 
ately zigzag or wavy pattern in the medial moraine where it re-appears 
some distance below the icefall (see discussion of “Annual Banding”). 

The most extraordinary deformation of any morainic system known 
to the writer is that of the Malaspina. Here the contortion does not 
result from an icefall, but is due to the spasmodic variations in volume 
of the many tributary glaciers which make up this vast icefield. Tarr 
and Martin, in their “Alaskan Glacier Studies,” have advanced the 
theory that earthquakes start immense waves of ice moving swiftly 
down these Alaskan glaciers at irregular intervals.’ The present author, 
on the basis of his observations of ‘the patterning of Alaskan moraines, 
finds this “earthquake advance theory” completely acceptable. Either 
this or some complex climatic change may be the cause of the curious 
behavior of the Malaspina tributaries. Inasmuch as the lengths of 
these tributary glaciers vary widely, an impulse started simultaneously 
at their heads, either by earthquake or by climate, would reach their 
termini at different times, depending directly on the length and the 
volume of the glacier involved. 

These spasmodic variations of the source-material of the Malaspina 
lead directly to the fantastic distribution of the medial moraines upon 
its surface. Examination of aerial photographs of the surface of the 
Malaspina gives a definite notion of this complex type of morainic 
structure. 


7™R. S. Tarr and Lawrence Martin: op cit., p. 169-197. 
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Ficure 1. CONTORTED BANDINGS AT THE TERMINUS OF THE MALASPINA GLACIER 
As seen from the air at 5000 feet. Foreground is a mass of pitted, rough, dead ice, deeply ve- 
neered with rock debris. The more active part of the glacier is indicated by the whiter ice in 
the background. Plate 171, figure 2, is a detailed closeup from a greater altitude, showing the 
sheared and faulted morainic strips just visible in the right of this photograph. (Fairchild ae- 
rial camera photo) 


Ficure 2. SNout oF THE MALAsPINA GLACIER 
Looking southeastward from over the Pacific. Background reveals the same features as the 
foreground of figure 1, seen from the opposite direction. As the glacier approaches its termi- 
nus, the morainic blanket becomes deeper and more widespread until (extreme right), near the 
water’s edge, small forests grow on its surface, rooted securely in the accumulation of débris. 
(Fairchild aerial camera photo) 


MALASPINA GLACIER 
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SHEARING IN MEDIAL MORAINES 


In addition to the truly remarkable plastic adaptation to unequal 
stresses shown in the bandings of the Malaspina, considerable displace- 
ment has been produced by faulting. The moraines on the surface of 
the glacier enable one to interpret its history in a vivid manner. 

It would be hard to conceive of both shearing and plastic flow taking 
place simultaneously at the same point. It is highly possible that 
these faults developed at a date considerably later than the time of 
the original plastic deformation. 

Furthermore, the writer believes that true plastic flow in ice does 
not take place either on the surface or in the thin snout of a glacier, 
but only at considerable depth. The depth at which all crevassing 
seems to stop and plastic flow to commence has been studied by R. P. 
Goldthwait in a series of geophysical experiments made at Crillon Lake 
in 1934, It was found that in moving glacier ice (this may not apply 
to the compacted snow of polar ice-caps) the maximum depth of 
crevassing averages between 160 and 200 feet. Below this depth, 
enormous movements of a plastic nature may take place. This lower 
zone is, in short, analogous to that part of the earth’s crust known as 
the “zone of rock flow.” Similarly, the more brittle crevassed shell of 
outer ice, whose very weight results in this deeper zone of flowage, is 
in many ways analogous to the “zone of rock fracture.” 

After a careful reading of the reports by Tarr and von Engeln on the 
plastic nature of ice, and after seeing the surface of the Malaspina from 
the air, it is difficult to doubt the existence of plastic flow. Its exact 
physical nature is a subject of dispute—unfortunately, natural plastic 
flow takes place only in the part of a glacier whose very nature renders 
it inaccessible for investigation. 

If the concept is accepted, that a glacier comprises a relatively thin 
outer shell that shears and faults, and a plastic inner core, it offers a 
plausible explanation of the highly contradictory features seen in the 
moraines of the Malaspina. The original plastic deformation of the 
series of parallel medial moraines, so strikingly exhibited, probably 
took place at considerable depth. It must, however, be borne in mind 
that these moraines are not merely surface features, but, on the con- 
trary, extend to the very bottom of the glacier. The Malaspina, be- 
cause of its size and shape, is a slow-moving glacier, and its proximity 
to the Pacific, with its warm, moisture-bearing westerly winds, acceler- 
ates ablation. An elapse of one hundred, or even fifty years or less, 
would bring into the zone of fracture masses of ice which had earlier 


8 Results of this geophysical work are as yet unpublished. 
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been a part of the zone of flow. Hence, it seems logical to infer that 
glacial ice is undergoing a constant transfer from the environment of 
plastic flow to that of fractural. 


THRUST-FAULTING IN GLACIAL ICE 


An important fact, not generally appreciated but of great significance 
in the study of the structure and movement of glacial ice, is that medial 
moraines are not confined to the surface as mere streaks but extend to 
the very bottom of the glacier. Faulting in glacial ice is practically 
impossible to detect unless revealed by dislocation of morainic band- 
ings or other ice structure.® 

In the common case, where two large glaciers with well-defined 
lateral moraines unite to form a trunk glacier, the medial moraine, 
viewed in section, is practically vertical and separates the two ice 
masses. However, when a small glacier joins with a larger one, the 
lesser is disposed of in one of two ways. Either it is compressed be- 
tween the large glacier and the adjacent valley-wall until it has been 
completely destroyed by friction and melting, or it flows out onto the 
surface of the larger glacier and is carried along. Both cases are 
common. They may be viewed to especially good advantage in Alaska, 
where many glaciers terminate in tidal ice cliffs and hence afford the 
observer perfect structure-sections. The first type of union occurs most 
often where the floors of both glaciers are at approximately the same 
level. The second takes place where a hanging valley discharges a 
glacier into a much over-deepened trunk valley, or where the smaller 
glacier has sufficient forward drive to force itself up onto the surface 
of its larger neighbor. 

In this second case, immediately below the junction the two glaciers 
appear superficially much the same as any ordinary trunk glacier, but 
examination of a section through one of these compound glaciers re- 
vealed a little-known attitude of the medial moraine. It first plunged 
downward from the surface of the ice, possibly dipping gently in the 
direction from which the smaller glacier was pushed onto the larger. 
This rock band in the ice then leveled off, technically becoming the 
“ground moraine,” and continued in a more or less horizontal attitude 
until it cropped out, like another medial moraine, on the margin of 
the ice. 

This type is excellently developed in the South Crillon Glacier, as 
well as in the Desolation Glacier, which empties into the Northwest arm 
of Lituya Bay. In the South Crillon Glacier the contact between the 


® Note Chamberlin’s discussion of shearing as shown by dislocation of ‘‘blue bands” in ice. 
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Figure 1, CoNTORTED SURFACE OF MARVINE GLACIER 
Caused by variations in speed and volume of flow of various lateral feeders. 
(Fairchild aerial camera photo) 


Ficure 2. TERMINUS OF THE MALASPINA GLACIER 
View from an altitude of 12,000 feet, showing evidence of both shearing and plastic deforma- 
tion adjacent to each other in the complex medial moraine separating the ice of Seward and 
Marvine glaciers. (Fairchild aerial camera photo) 


COMPLEX MORAINES 
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Figure 1. Nunatak Fsorp, ALASKA 
View in 1934, from an altitude of 11,000 feet. Nunatak Glacier has retreated nearly six miles 
since its front, observed by Tarr and Martin in 1909, occupied approximately the position in- 
dicated by the dotted line in the foreground. The well-known ‘‘Nunatak”’ is the rock bosse in 
the right foreground. (Fairchild aerial camera photo) 


Ficure 2. “SHEARED MoraINne”’ 
Western margin of South Crillon Glacier, Crillon Lake, Alaska. The rock material on the mar- 
gin of the ice in this picture is composed of matter entirely foreign to the region through which 
the glacier is passing. This entire rock burden has been sheared to the surface of the ice along 
the series of shingle-block thrusts, shown in detail in Plate 173, figure 1. (Fairchild aerial 
camera photo) 


“NUNATAK” AND “SHEARED MORAINE” 
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main body of ice and the smaller “superimposed” glacier is complicated 
by another factor. About a mile before reaching its terminus at Crillon 
Lake, this glacier makes a right angle, changing its direction of flow 
from the west to the south. This turn subjects the body of the glacier 
to an immense amount of shearing stress, and much faulting has taken 
place along the contact between the two adjacent bodies of ice. Folds, 
which must have had their origin in the zone of plastic flow, have since 
developed into overthrusts with a heave of several hundred feet. Minor 
faults and folds indicative of great lateral shearing stress may be noted 
in the vertical terminal outcrop of the medial moraine. Significantly, 
none of the surficial debris along the west (Pl. 173, fig. 2) margin of 
the South Crillon Glacier is the same rock material as that in the lateral 
or avalanche moraines, but is material from the ground moraine of the 
superimposed glacier, which has been forced out of the ice and con- 
centrated here by movement along a veritable shingle-block series of 
low-angle overthrusts. This may well be termed a “Sheared Moraine.” 


PERIODIC OR ANNUAL BANDING 


Periodic banding is one of the most striking of all surficial glacial 
markings. The phenomenon has been noted by most Alpine glaciolo- 
gists since the days of Forbes and Tyndall, and many theories have 
been advanced to explain its origin. The author has studied this 
peculiar type of moraine for several seasons, both on the ground and 
from the air in the Alps and Alaska. 

These bandings, which are known as dirt bands (Forbes’ and 
Tyndall") and “bandes sombres” (Vallot ??), are a prominent surface 
feature of most steep mountain glaciers. The platy “schistosity” which 
one finds in the ice of almost all such glaciers has a surface outcrop 
closely resembling the shape of these dirt bands. It is, therefore, of 
the utmost importance to realize at the start that the dirt bands and 
the schistosity are in no way related, the former resulting from stresses 
peculiar to each individual glacier, the latter traversing the surfaces of 
ice masses regardless of their medial moraines. It is not at all un- 
common to find two quite separate systems of dirt bands adjacent to 
each other in a trunk glacier, separated only by the medial moraine. 

The factors involved in the formation of dirt bands seem to be both 
diverse and complicated. It may be stated as a certain fact that the 
bands have been observed only on glaciers which have passed over 
good-sized icefalls. They invariably appear below the icefall, and 


20 J, D. Forbes: The theory of glaciers (1859) Edinburgh. 
11 John Tyndall: The glaciers of the Alps (1896) New York. 
12 Joseph Vallot: Le massif du Mont Blanc., Pt. 5, Les glaciers (1925) Paris. 
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their origin is unquestionably due to some process with seasonal varia- 
tion localized in this part of the glacier. 

Forbes declared that he could not “help thinking that they are the 
true annual rings of the glacier, like those of a tree—the different states 
of the glacier at different seasons, or even the simple difference of ve- 
locity at different seasons, would be sufficient to account for this alter- 
nation of structure . . . There is no cause so likely to produce it as 
some annual change.” 

Wishing to go further than Forbes and actually to prove the annual 
nature of the bands, Vallot went to the Mer de Glace, where he found 
especially pertinent evidence.1* His work was based on the assump- 
tion that, if the speed of the glacier should diminish, the number of 
bands should increase. Moreover, he did not overlook one source of 
error, namely, that the speed of a group of bands when observed is not 
indicative of the speed of that same part of the glacier when these 
bands were formed. 

In his calculation he took the average velocity of the Mer de Glace 
over two periods of fifteen years each, separated by a lapse of almost 
fifty years. 

“If this phenomenon is regular,” says Vallot, “the speed of the glacier 
should be inversely proportional to the number of bands. Multiplied 
by each other, these two factors should always give the same product, 
regardless of any change which may occur.” 35 

This calculation, carefully prepared for the same portion of the Mer 
de Glace, follows: 


Product of 
Motion verage | Number Average | average speed 
motion 
in meters | . hook of number | and average 
per year poche bands of bands number of 
per year bands 
Forbes (1842)... .. 208 17 
216 16.5 3564. 
Tyndall (1857).... 223 16 
Vallot (1899)..... 126 33 
109 33 3597. 
Vallot (1913)..... 92 33 


18 J. D. Forbes: op. cit., p. 25. 
14 Joseph Vallot: op. cit., p. 40-46. 
15 Op. cit., p. 41. 
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Ficure 1. Ick-FRONT 
Clean-cut thrusts resting on shingle-block structure, developed at Crillon Lake, Alaska. Ice- 
wall is nearly 150 feet high, and thrusting is prominently illustrated by the dislocations in the 
mass of ground moraine which here separates the ice of a superimposed tributary glacier (above 
the thrusts) from the main mass of the Crillon Glacier ice, which is hidden beneath the surface 
of the water, here 190 feet in depth. (Fairchild aerial camera photo) 


Ficure 2. THrusT FAULTS AND MINOR DISLOCATIONS 
Medial moraine as it descends the ice front of the South Crillon Glacier, separating the ice 
mass of the superimposed tributary glacier (left) from the Crillon Glacier ice (right and below 
the water surface). (Fairchild aerial camera photo) 


SOUTH CRILLON GLACIER 
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Figure 1. or THE GLACIER DU GEANT 
View from the summit of the Aiguille du Grépon, showing the growth of a series of 
annual bands. 


Figure 2. SYMMETRICAL EXAMPLE OF ANNUAL BANDING 
Two of the tributaries of the Grand Plateau Glacier, Fairweather Range, Alaska. Adap- 
tation of the bands to the differential flow of the ice illustrates how plastic such huge 
bodies of crystalline solid may become. (Fairchild aerial camera photo) 


ANNUAL BANDS 
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The figures of Vallot and a similar measurement made by the author 
with a recent aerial photograph of the Mer de Glace, rest as proof that 
the origin of these dark bands, at least on some glaciers, is of an annual 


or seasonal nature. 
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Ficure 1.—Development of annual bands over icefall 


Longitudinal section (above) and plan (below). Figure 1 of Plate 174 shows this phenomenon 
in nature. 


Figure 1 represents a cross-section of a typical icefall, with the be- 
ginning of a series of dirt bands just below it. A careful examination 
of one of these icefalls in midsummer led to several interesting dis- 
coveries. First, the smooth, gently sloping ice above the icefall comes 
to a sudden, abrupt end, which can be traced along a large crevasse 
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which extends from one side of the glacier to the other (a). A wide de- 
pressed area of shattered blocks appears next below (b); then comes 
another section of comparatively unbroken ice (c), which brings one 
to the true brink of the icefall. Here, one finds a steep slope of shat- 
tered ice(d) piled up against the remains (e) of one of the isolated ridges 
(c) that has passed over the edge of the fall. This last is now honey- 
combed with crevasses and on the point of crumbling to pieces, but it 
still stands up well above the surrounding chaos of smashed seracs. 
Below this ridge, the next few hundred feet are a wild confusion of 
avalanched blocks of ice, which finally consolidates on the level floor 
of the valley below the cataract. At the foot of the icefall, a huge heap 
of this avalanched material (f), probably corresponding to the upper 
ridges (c) and (e), is piled up in a rough semi-circle. Below this, lies 
a deep symmetrical trough (g), then another ridge (h), lower than the 
first. These troughs and ridges are slowly leveled off by ablation and 
completely disappear about a mile below the foot of the icefall. But, 
in place of every ridge, a band of white ice remains, and in the spot 
once occupied by every hollow lies a broad dirt-band. 

Different agencies seem to be operating together to form these bands. 
The isolated areas (c) and (e) represent the movement of this portion 
of the glacier during the winter months. The shattered portions (b) 
and (d) correspond to periods of summer activity. Thus, it is possible 
to trace the formation of the white “winter bands” back over the ice- 
fall, to the upper névé fields—first, in the form of large waves at its 
foot and, then, as several isolated ice ridges in the active part of the 
cataract. 

That the waves on the lower glacier are definitely related to the 
ridges of the icefall may clearly be seen by examination in the field (PI. 
174, fig. 1). Apparently, one of these vast masses of ice passes over 
the crest of the icefall each winter, having become separated from 
the smooth body of the upper glacier by excessive summer motion at 
least two years previously. That one of these ridges leads to the 
formation of a wave of ice instead of a hollow can be explained by the 
almost total absence of ablation during the winter months. It is es- 
pecially significant that the white bands of glaciers in Alaska, where 
the winter is both long and cold, are at least twice as large as those 
found on Alpine glaciers, where they are scarcely more than half again 
as wide as the dark bands (PI. 174, fig. 2). 

In winter, the ice which avalanches over the brink of the icefall 
reaches the lower glacier and is re-consolidated with practically no loss 
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in volume—for the days are short, the sunlight is indirect, and the 
glacier is buried deep under winter snow. 

The summer discharge, however, as it lies shattered at the base of the 
icefall, is not protected from the hot sun by a deep blanket of fresh 
winter snow. This avalanched ice, with myriad grottoes and passages 
which allow warm breezes to circulate between ‘its loosely heaped 
blocks, melts at a much greater rate even than the ordinary flat surface 
of a glacier’s terminus. A few hours’ walk through the seracs of such 
an icefall readily convinces the investigator that a vast amount of 
ablation must go on every summer in this part of a glacier. 

Not only does this intense ablation tend to produce a hollow which 
trends across the glacier, following the winter wave, but it also hastens 
the concentration of debris on the ice surface in the hollow. This 
accumulation occurs partly because of the existence of the depression 
itselfi—all of the debris which was once mixed with ice now lies on 
the surface of the hard, dark ice forming the trough. 

This dirt concentration is also speeded in most icefalls by the work 
of running water, which carries all of the fine sand and pebbles from 
the sloping sides of the hollow and deposits them in the form of a 
narrow, dark stripe in its very trough. Sand-cones are a common oc- 
currence in the dirty ice of the dark-band troughs. 

A third, and less important, reason for the localization of dirt in these 
summer hollows is that, during the winter months, they are filled almost 
level with drifted fresh snow. The rough, slushy surface of this snow, as 
it melts during late spring and early summer, collects great quantities 
of wind-blown dust from adjacent mountain sides and moraines. 
Toward the close of July, when the snow has completely melted, it 
leaves in the trough a further deposit of fine wind-borne debris to help 
blacken the already dark band. 

The process of darkening in dirt-bands seems to reach its climax after 
eight or ten years, at about the same time that the softer, whiter ice 
composing the winter ridges has been reduced to a level with the rest 
of the glacier’s surface. The bands, crescentic at first, now may approach 
a parabolic form, depending mainly upon the width and velocity of the 
glacier. It is amazing, in some cases, to see how a dark band, once 
almost straight at its origin, can become stretched and distorted to a 
curve many times its former length, and still retain clearly all of its 
original definition. 
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INTRODUCTION 


In the northwestern sub-province of the pre-Cambrian Shield there 
are five major “bands” or “belts” of early pre-Cambrian sedimentary 
rocks. These are approximately parallel to one another and trend east- 
northeast. The southernmost, lying largely in Minnesota, is formed 
by the Ogishke-Knife Lake series. North of this lies a similar belt of 
rocks, the Seine series. Both have been studied and reported on in 


* Manuscript received by the Secretary of the Society, March 8, 1935. 
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some detail. In the Manitou district, there is a series of sediments, 
the Manitou series, which, though less extensive than either the Seine 
series or the Ogishke-Knife Lake rocks, has been traced about 70 miles 
along the strike.” 

North of the Manitou region is a fourth belt of sediments, running 
from Lobstick Bay of Lake-of-the-Woods to Savant Lake (Pl. 175, 
fig. 1). Though this is not actually a continuous belt of sedimentary 
rocks, the general linear distribution, over 200 miles, and the thickness, 
9000 to 16,000 feet, make it a series of importance. It has been de- 
scribed briefly in several recent reports,? and from the vicinity of Sioux 
Lookout and Minnitaki Lake, where it is known as the Abram series 
and tentatively correlated with the Timiskamian,* it has been more 
fully described than elsewhere.® A fifth belt of sediments, less well 
known, extends from the Manitoba border through the valley of the 
English River to Lac Seul and Lake St. Joseph.* 

An understanding of the stratigraphy and structure of these early 
pre-Cambrian rocks and a more reliable correlation between the several 
series, and between them and similar strata in eastern Ontario, will 


1J. M. Clements: The Vermilion iron-bearing district of Minnesota, U. 8S. Geol. Surv., Mon. 45 
(1908) 463 pages. 

C. R. Van Hise and C. K. Leith: The geology of the Lake Superior region, U. 8. Geol. Surv., 
Mon. 52 (1911) 641 pages. 

J. W. Gruner: A newly discovered major unconformity in the Huronian rocks of northern Minne- 
sota, Lake Superior Min. Inst., Tr., 27th Ann. Meeting (1929) p. 179-187. 

A. C. Lawson: The Archean geology of Rainy Lake restudied, Geol. Surv. Canada, Mem. 40 
(1918) 115 pages. 

Phillip L. Merritt: Seine-Coutchiching problem, Geol. Soc. Am., Bull., vol. 45 (1934) p. 333-374. 

2 James E. Thomson: Geology of the Manitou-Stormy lakes area, Ont. Dept. Mines, Ann. Rept., 
vol. 42, pt. 4 (1933) p. 1-40; Geology of the Straw-Manitou lakes area, Ont. Dept. Mines, Ann. 
Rept., vol. 43, pt. 4 (1934) p. 1-82. 

3 E. S. Moore: Lake Savant Iron Range area, Ont. Bur. Mines, Ann. Rept., vol. 19, pt. 1 (1910) 
p. 173-193; Lake Savant area, Ont. Dept. Mines, Ann. Rept., vol. 37, pt. 4 (1928) p. 53-82. 

M. E. Hurst: Geology of the Sioux Lookout area, Ont. Dept. Mines, Ann. Rept., vol. 41, pt. 6 
(1983) p. 1-33. 

4M. E. Hurst: op. cit., p. 12-13. 

SF, J. Pettijohn: Conglomerate of Abram Lake, Ontario, and its extensions, Geol. Soc. Am., 
Bull., vol. 45 (1934) p. 479-506. 

See also F. J. Pettijohn: The Conglomerate of Abram Lake, Ontario, and its extensions. A 
study in pre-Cambrian sedimentation and structure. Thesis (manuscript) submitted to the 
Graduate Faculty of the University of Minnesota in partial fulfillment of the requirements for 
the degree of Doctor of Philosophy, 1930. Copies available at the Library of the University of 
Minnesota, Minneapolis, Minnesota. 

This paper and the preceding contain a review of previous geological work in Vermilion 
township. 

¢J. F. Wright: Geology and mineral deposits of a part of southeastern Manitoba, Geol. Surv. 
Canada, Mem. 169 (1932) p. 12. 

E. L. Bruce: Geology of the upper part of the English River valley, Ont. Dept. Mines, Ann. 
Rept., vol. 33, pt. 4 (1924) p. 1-11; Iron formation of Lake St. Joseph, and other papers, in Ont. 
Dept. Mines, Ann. Rept., vol. 31, pt. 8 (1923) p. 1-40. 

W. S. Dyer: Geology of the Pashkokogan-Misehkow area, Ont. Dept. Mines, Ann Rept., vol. 
42, pt. 6 (1933) p. 1-20. 
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come only from detailed surveys of a number of well-chosen small areas 
within which each respective series is favorably exposed and complete. 
To this end, Vermilion Township was chosen for a detailed re-study of 
the Abram series which forms the fourth belt of sedimentaries men- 
tioned (Fig. 1). Here these sediments, together with the Keewatin, 
form a slightly metamorphosed section of over 22,000 feet. To further 
this study the Geological Society of America made a grant from the 
Penrose Bequest. The writer wishes to express his appreciation of this 
aid, as well as of that given by Mr. R. M. Grogan, of the University of 
Chicago, who was a most able field assistant. Through the courtesy of 
Dr. W. H. Collins, Director of the Geological Survey of Canada, a loan 
of over one hundred aerial photographs was obtained from the Topo- 
graphical Survey of Canada from which a base map was constructed. 


STRATIGRAPHY 
SUMMARY OF GEOLOGIC HISTORY 

The earliest rocks in the township are the volcanics of Keewatin 
age. The Keewatin here is marked by three stages—an early period 
of outpourings of basic lavas, followed by an interim during which 
water-laid pyroclastics and sediments accumulated, and a younger 
stage during which more acid flows and agglomerates were formed. 
Intrusions of quartz porphyry, metadiorite, and metagabbro followed 
the effusives. 

An unconformity, marking a period of prolonged erosion, separates 
the volcanics and intrusives from the thick arkose and gravel deposits 
of continental origin which constitute the lower half of the Abram 
series. The upper half of the latter is composed of finer clastics, gray- 
wackes and slates, and both acid and basic tuffs. These sediments and 
the Keewatin volcanics were compressed into tight isoclinal folds, cut 
by large strike-slip faults, and intruded by granite porphyry and basic 
dikes. Subsequent geologic time is represented only by a glaciated 
erosion surface on which there are a few discontinuous deposits of 
fluvioglacial sand and lacustrine varied silts and clay. 


KEEWATIN 


Older volcanics.—The Keewatin’ is found in the southeast quarter 
of the township, where it is represented by a monotonous succession 


7The term ‘‘Keewatin” is retained for the predominately volcanic assemblage which is strati- 
graphically below the Abram sediments, even though, as pointed out later, it can be subdivided 
into three parts. The Keewatin is essentially continuous in outcrop from Vermilion township to 
its type locality, Lake-of-the-Woods. 
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of nearly vertical green- 
stone flows with a north- 
east strike, and in the 
northern half of the town- 
ship, where it consists of 
both flows and sediments 
with an east-west strike 
(Pl. 177). The northern 
area of Keewatin is divided 
into an older series of 
volcanics, principally mas- 
sive ellipsoidal greenstone 
flows, and a younger series, 
composed of gray lavas, 
both massive and ellip- 
soidal, with abundant vol- 
canic breccias and a little 
rhyolite. The older and 
the younger voleavic: are 
separated from one an- 
other by a persistent band 
of water-laid materials, 
the Patara sediments, so 
named because of their ex- 
posure on the north shores 
of Patara Lake in Dray- 
ton Township to the east.® 
The stratigraphic position 
of these beds was at first 
in doubt, but the structural 
orientation of the lavas, 
determined primarily by 
the arrangement and shape 
of the pillows,® shows con- 
clusively that the Patara 


8 F. J. Pettijohn: op. cit., p. 482-483. 

®H. C. Cooke, W. F. James, and 
J. B. Mawdsley: Geology and ore 
deposits of Rouyn-Harricanaw re- 
g.on, Quebec, Geol. Surv. Canada, 
Men.. (1931) p. 40-43, 49. 
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Taste 1.—Geologic Section in Vermilion Township 


1895 


Series 


Formation 


Description of members 


Late Wisconsin 


Fluvio-glacial sands 
Lacustrine varved silts and clays 


0-50 ft. 


Great Unconformity 


Post-Abram 
intrusives 
(“Algoman”) 


“Granite” porphyry 
Basic dikes 


Abram Series 


Daredevil 
formation 


(5) Slate-pebble conglomerates and breccias 


450+ 


(4) Graywacke and slate in varve-like alter- 
nations with some massive graywacke 
beds 


1000 


(3) Andesite crystal tuff 


320 


(2) Graywacke and “‘cherty” slates 


180 


(1) Rhyolite tuff (usually sheared) 


170 


(“Timiskamian”) 


Ament Bay 
arkosites 


(2c) Pebbly arkosite and cobble conglomer- 
ates. Pebbles well rounded, mostly 
granites, up to 16 inches in diameter 


(2b) Massive arkosite devoid of all bedding 
and pebbles with minor amount of lam- 
inated arkosite 


(2a) Laminated arkosites with sporadic peb- 
bles alternating with fine-pebble grits 
and breccias 


6700 


(1) Basal breccia 


Unconformity 


Post-Keewatin and 
Pre-Abram Intrusives 
(‘‘Laurentian’’) 


Quartz porphyry (of Vermilion Lake) 
Metadiorite and metagabbro 


Younger volcanics 


Massive and ellipsoidal gray lavas, 
volcanic breccias, felsite porphyries 


2000+ 


Patara sedi-volcanics 


Breccias, conglomerates, arkosites, 
grits, and tuffs (water-laid) 


1250-1500 


Older volcanics lavas 


Green ellipsoidal and massive basic 


9000+ 
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sediments are an intra-Keewatin series and that they separate two series 
of lava flows.‘ The older volcanics, which lie to the north of the 
Patara band, are areally the most extensive. Uniformity of strike, 
dip, and structural orientation indicate a conformable succession of 
flows, the aggregate thickness of which must exceed 9000 feet. 


Patara sediments.—The Patara sediments consist in part of breccias 
and conglomerates, of subangular to rounded pebbles, half an inch to 
two inches in size, the majority of which are of the same rock, in some 
places a light grayish-white felsite and in other places a greenstone. 
No granite pebbles were observed in any outcrop. Associated gray- 
wackes vary from coarse-grained light-weathering beds with an abun- 
dance of quartz, to fine dark gray to black psammitic beds which grade 
into slates and fine slate breccias. The slates, really meta-argillites, 
show a poorly developed cleavage and are often hard flinty rocks 
with a conchoidal fracture, though they are finely laminated. The 
lithologic character of the Patara sediments suggests that they were 
formed by water deposition of volcanic materials. Their thickness is 
1500 to 1800 feet in the eastern part of the township, although locally, 
especially where schistose, the thickness is much less. 


Younger volcanics and agglomerates.—The base of the younger lavas 
is marked by a felsite band, averaging 250 feet in thickness. This is 
a pale greenish-yellow rock of fine grain and dense hackly character, 
containing a few small hexagonal phenocrysts of quartz and a very 
few euhedral feldspar crystals. The felsite was traced for two and 
a half miles in the northern Keewatin area. A similar, if not the same, 
rock appears on the south shore of Vermilion Lake, near the 5th 
Meridian, from which place it was traced westward for a mile or two. 
Above the felsite are gray-weathering fine-grained lavas, often schist- 
ose, which show a buff-gray groundmass containing a few needles of 
plagioclase. In places these flows exhibit beautiful ellipsoidal structure. 

On the south shore of Vermilion Lake, from the central part of the 
township westward, the Keewatin is largely agglomerate. The agglom- 
erates are strongly sheared and intruded by a large quartz-porphyry 
mass, which is exposed on both the mainland and the islands. The 
breccias are highly schistose rocks, composed of small to large angular 
pieces of chlorite schist and schistose greenstone in a chlorite schist 
matrix. In the extreme schistose phases the fragments are lenticular, 


10M. E. Hurst: op. cit., p. 13. 

Hurst erroneously correlated the Patara sediments with the Abram sediments. The structural 
work done by the writer in his re-study clearly confirms his earlier interpretation that the Patara 
schists are a part of the Keewatin and that they cannot in any case be logically correlated with 
the Abram sediments. 
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Ficure 1. TypPicaL QUARTZ PORPHYRY Ficure 2. PROBABLE ACID TUFF 
Showing phenocrysts of feldspar in fine-grain- Showing subhedral and angular feldspar and 
ed groundmass (Crossed nicols; x12) quartz in fine-grained mosaic of same miner- 


als (Crossed nicols; x12) 


Ficure 3. ARKOSITE FROM LITTLE Ficure 4. Basic TUFF 
VERMILION LAKE Showing tuffaceous character. Feldspar and 
i Showing quartz and feldspar in subordinate hornblende crystals occur scattered through 
matrix of same minerals and chlorite (Cross- matrix of chlorite, carbonate, and crystal 
ed nicols; x12) detritus (x12) 
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as much as 12 inches long; otherwise, they are angular and are marked 
with re-entrant angles and uniformity of petrographic character. The 
matrix and fragments are devoid of any visible quartz, which feature 
serves to distinguish these Keewatin volcanics from the sediments of 
the Abram series, no matter how schistose either may be. The agglom- 
erates probably belong to the upper part of the Keewatin™ (PI. 175, 
fig. 1). 
POST-KEEWATIN—PRE-ABRAM INTRUSIVES (“LAURENTIAN”) 

Quartz porphyry.—Both acid and basic intrusives cut the Keewatin. 
The quartz-porphyry of Vermilion Lake, exposed over an area about 
three miles long and a little less than a half mile wide, is interleaved 
with several strips of Keewatin agglomerate, which it intrudes. Else- 
where it is in contact with the basal portion of the Abram series, which 
rests unconformably upon it. That the latter is younger than the 
porphyry is shown by (1) the position of the porphyry along the axis 
of an anticline flanked by Abram arkosites and conglomerates, (2) 
total absence of dikes or other intrusive phenomena in the adjacent 
sediments, (3) by the fact that the actual exposed contact has well- 
developed basal breccia in which there are many angular blocks of 
quartz porphyry, and (4) the appearance in the Abram arkosites near 
the basal contact of numerous large quartz “eyes,” obviously supplied 
by the phenocrysts of the adjacent porphyry.” 

The porphyry itself is a somewhat schistose rock, which weathers 
to a pale-greenish to pinkish-yellow. It contains numerous large 
phenocrysts of clear to translucent quartz (“es”) and both orthoclase 
and acid plagioclase phenocrysts, somewhat sericitized, in a fine- 
grained groundmass of quartz, orthoclase, and sericite (PI. 176, fig. 1). 
Many quartz veinlets traverse the porphyry, and along certain zones, 
especially near the northern edge, the intrusive is mineralized. 

Porphyry also appears on the southeast end of Whitefish Island, 
where it intrudes the clastic rocks of Patara age. 


11 For more complete petrographic description of rocks of essentially the same character, see 
the descriptions of the Kitchi and Mona schists of the Marquette region in C. R. Van Hise and 
W. S. Bayley: Marquette iron-bearing district of Michigan, U. 8. Geol. Surv., Mon. 28 (1897) 
p. 160-169. 

13M. E. Hurst: Geology of the Sioux Lookout area, Ont. Dept. Mines, Ann. Rept., vol. 41, pt. 6 
(1933) p. 19-21, 

Hurst described the quartz porphyry as a younger, post-sedimentary intrusive. From Hurst’s 
map it is clear that he mistook the Keewatin agglomerate for the true Abram sediments. This 
does not entirely explain his error in age determination, for at one place on his map, where he 
has correctly mapped the Abram sediments, he has marked “quartz porphyry dikes.” Repeated 
traverses of this area failed to show dikes of any sort. The mineralization in, ard adjacent to, 
the porphyry which Hurst describes cannot, if it extends into the younger sediments, be genetically 
connected with the quartz porphyry. The porphyry seemingly was a favorable host rock rather 
than a source of mineralizing solutions. 
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Metadiorite and Metagabbro.—Intrusive into the Keewatin green- 
stones in the southeast part of the township is a large body of coarse- 
grained metadiorite. It is exposed on the shores of Moshier and Chicago 
bays and on Cedarbough Lake. It appears to form a thick sill-like 
body, the margins following the strike of the Keewatin flows. In 
Cedarbough Lake the intrusive fingers out into a number of sills. The 
rock occurs typically in massive outcrop cut only by a few joints, in 
contrast to the dark fine-grained slabby greenstone and chlorite schist 
into which it seems to be intruded. It is a granular rock of medium 
to coarse grain, composed, in nearly equal proportions, of a white 
saussuritized plagioclase and a green amphibole (edenite). Along the 
north side of Chicago Bay it is darker, has less feldspar, and is quartz- 
bearing. 

Occasional outcrops of moderately coarse-grained greenstone are 
found elsewhere. They may be thin sills, although the majority are 
probably only the coarser phases of the Keewatin flows. On several 
islands north of Slate Island in Vermilion Lake, however, is a small 
basic intrusive of decidedly ophitic character, probably a metagabbro. 

The age of these basic intrusives cannot be certainly determined. 
Pebbles of such rocks are common in the conglomerates of the Abram 
series, and, though none is in contact with the sediments, nor do any 
dikes of it cut the sediments, they are thought to be pre-Abram. Strong 
shearing of these basic intrusives is not uncommon. 


“Epi-Laurentian” Interval.—Following the period of intrusion which 
produced the quartz porphyry and the metadiorites, there was erosion 
which cut deeply into the Keewatin complex. The only direct evidence 
bearing on the magnitude of the unconformity in this township lies 
in the unconformable relation of the basal beds of the Abram series 
to the quartz-porphyry which intrudes the Keewatin volcanics. An 
intrusive porphyry mass was thus formed and uncovered between the 
Keewatin and the Abram series. 


ABRAM SERIES 


Ament Bay formation—The contact of the Abram series with the 
Keewatin is everywhere a covered fault contact. The contact with 
the quartz porphyry, however, is a normal unconformable contact, 
although, with one exception, it is also concealed. Interstratified with 
the laminated arkosites near the base of the sedimentary section are 
breccia beds, 5 to 20 or more feet thick, in which angular pieces of 
greenstone, averaging less than an inch in size, are the principal con- 
stituent. There are also a few well-rounded granite pebbles, two or 
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more inches in diameter. The matrix is chloritic, green, slightly schist- 
ose, and arkosic. Locally, large quartz “eyes,” evidently derived from 
the near-by quartz porphyry, become common. Near several test pits 
south of mining claim K2230, some 25 feet of basal conglomerate are 
exposed in sharp contact with the porphyry. In the conglomerate, here 
somewhat schistose, are angular blocks of quartz porphyry, up to 9 
inches in length. At the west end of Black Fox Bay is another ex- 
posure of this conglomerate, separated, however, from the porphyry 
by a covered interval of about 100 feet. Porphyry detritus is again an 
important component of the conglomerate. 

Above these basal beds are greenish-gray-weathering arkosites, rep- 
resenting well-washed and sorted feldspathic sands. They form a series 
of high spruce-covered ridges south of Vermilion Lake, which follow 
the strike of the bedding. The formation is mainly non-schistose and 
breaks into plate-like slabs parallel to the bedding, although north and 
northeast of the porphyry mass, where the strata are strongly sheared 
and compressed, these beds form brown-weathering slabby schists in 
which a carbonate is an important component. A few strongly cross- 
laminated beds of a coarse white arkosite are associated with the more 
common darker phases. Well-rounded sporadic granite pebbles were 
occasionally noted. 

The laminated arkosites grade upward into massive arkosites, which, 
though they have essentially the same mineral composition as the 
former, are so monotonously uniform in character that it is often 
impossible to obtain any strike or dip in a half mile of traverse. The 
outcrop is marked only by regularly spaced systems of joints, usually 
several in number, which divide the rock into regular blocks. Sporadic 
granite pebbles are also noted in this facies, although they are quite 
rare in some localities. 

Rounded pebbles of granite and greenstone become more numerous, 
and well-defined beds of conglomerate appear in the upper part of the 
massive arkosite member. These are locally many feet thick and are 
crowded with cobbles and boulders, the largest being 12 to 18 inches 
in diameter. The matrix is essentially the same as that of the asso- 
ciated arkosite; it is neither foliated nor stratified (Pl. 175, fig. 2). 
The individual conglomerate beds are lenticular. They are fewer in 
the western part of the township than in the eastern portion, although, 
contrary to expectations, they are decidedly more abunJant near the 
top of the formation than either in the middle or near the base. 

Thin sections of the arkosites show subangular detrital quartz (40-60 
per cent) and plagioclase feldspar (10-30 per cent) to be the dominant 
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constituents. A few rock fragments are also present, and near the 
base of the formation these exceed both the quartz and the feldspar 
in volume. The interstitial material is largely a fine-grained aggregate 
of chlorite (2-20 per cent), sericite, quartz, and feldspar. Carbonate 
and sometimes pyrite replace both the larger grains and the matrix 
(Pl. 176, fig. 3). 

The schistose facies, best exposed on Vermilion Lake, differs from 
the normal type only in the pronounced foliation of the sericitic and 
chloritic matrix and in the considerable amount of carbonate replace- 
ment of the matrix. 

The total thickness of these coarse clastics is about 6700 feet. The 
proportions made by the several members are variable, and, as they 
grade into one another, the total thickness only is given. They are 
here named the Ament Bay formation, because of their excellent devel- 
opment on the shores of the bay of the same name. 

Reasons for considering this formation to be of continental fluvial 
origin were given in an earlier paper.’® 


Daredevil formation—Above the conglomerates and arkosites of 
the Ament Bay formation is a complex, consisting of interbedded 
water-laid pyroclastics and fine sediments, here called the Daredevil 
formation, from typical exposures near the shores of Daredevil Lake. 

The lowest member of this formation is a thin stratum which, on 
casual observation, appears to be a quartz-porphyry. It is a slightly 
schistose, greenish-yellow rock, containing numerous quartz “eyes” 
and augen-like feldspars. Parallel to the schistosity are a few irregu- 
lar and discontinuous patches of material having a chert-like character. 
It is difficult to say what the origin of this rock is. It seems probable 
that it is a porphyry sill or flow, a crystal tuff, or a sediment of arkosic 
nature. It has been interpreted as a crystal tuff because the thin 
section reveals a clastic texture, a great predominance of somewhat 
euhedral plagioclase (acid oligoclase) over quartz, a matrix which 
varies greatly in grain size and contains irregular patches of faintly 
polarizing material (devitrified glass?) and because in the field no 
evidence of either intrusive or flow character was found (Pl. 176, 
fig. 2). Locally, the flint-like phases (porcellanite?) predominate. 
Shearing and recrystallization, with the development of chlorite, bio- 
tite, and white mica and the introduction of carbonates, have modified 
the original character of the rock. It has been traced about two miles 


3F. J. Pettijohn: Conglomerate of Abram Lake, Ontario, and its extensions, Geol. Soc. Am., 
Bull., vol. 45 (1984) p. 498-502. 
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from Little Vermilion Lake to Daredevil Lake, and it apparently ex- 
tends still farther southwest. Northeastward, between Ament Bay 
_and the main lake, the acid tuff horizon is marked by a dense hackly 
rock of fine grain, possibly a rhyolite or possibly a more altered facies 
of the acid tuff marked by fewer crystals of large size. Immediately 
overlying this acid tuff is a chlorite schist of clastic origin, which is, in 
turn, overlain by well-bedded chloritic graywackes and chert-like 
argillites that alternate with, and grade into, each other. The indi- 
vidual beds are two to four feet thick. 

These sediments separate the acid tuff from a basic tuff. The 
weathered surface of the latter is marked by furrows due to a-rude 
stratification and by a pitted or honeycombed structure developed by 
differential weathering of breccia-like phases. The outcrop assumes 
a dull greenish-brown color and often has a domical form. Microscopic 
examination shows the rock to be clastic and to contain a green 
primary hornblende, to which colorless secondary material has been 
added, and a somewhat saussuritized euhedral plagioclase in a matrix 
of anhedral feldspar, epidote, and sericite. Both chlorite and green 
biotite, alteration products of the amphibole, were noted. No quartz 
was present except in veinlets. The rock was classified as an ande- 
site crystal tuff because of its clastic nature and its mineral composi- 
tion which indicates a high content of iron, calcium, and magnesium 
(Pl. 176, fig. 4). 

Some writers described the early pre-Cambrian sediments and rec- 
ognized no tuffs or tuffaceous admixtures;** others, often referring to 
the same sections, describe tuffs, agglomerates, tuffaceous graywackes, 
and state that all are present and grade into one another and also 
grade into ordinary graywacke and conglomerate.*> In most cases 
the criteria for distinguishing the tuffaceous sediments from the non- 
tuffaceous materials are not carefully drawn, if, indeed, they are given 
at all. 

Hurst recognized no volcanic material in the Abram sediments, al- 
though he does say that “the contact between the sediments and the 
greenstones . . . is not marked by a distinct unconformity but con- 
sists rather of a transitional zone, in which there is evidence that 
sedimentation followed vulcanism without intervening period or pro- 


16 J. M. Clements: The Vermilion iron-bearing district of Minnesota, U. S. Geol. Surv., Mon. 
45 (1903) 463 pages. At no place in the descriptive text were tuffs of Knife Lake age mentioned, 
yet mention is made on page 441 in the chapter on the geologic history. 

J. T. Stark: The geology of the Kekequabic Lake area, northeastern Minnesota. A disserta- 
tion submitted to the Graduate Faculty in candidacy for the degree of Doctor of Philosophy, 
University of Chicago, 1927. Ms. in the Library of the University of Chicago. 
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longed erosion or disturbance.”*® The writer’? had previously de- 
scribed the presence of volcanic materials in the Abram series in Ver- 
milion Township and adjoining areas.’* 

Above the andesite tuff are graywackes and slates. The graywackes 
occur in finely laminated and cross-laminated beds and also in varve- 
like alternations with the slates (Pl. 175, fig. 3). The varve-like beds, 
however, are two to thirty inches thick, and although it is clear that 
the deposition was cyclical, it is not certain that the cycle is annual. 
Graywacke makes at least three-fourths of the total section. The 
latter is estimated to be about 1000 feet thick. Some of the graywacke 
is tuffaceous in appearance and may well be water-deposited volcanic 
material. 

The slates and graywackes are succeeded by similar rocks, which 
alternate with fine pebble conglomerates. The conglomerates occur in 
beds, 3 to 4 feet thick, and appear to be composed of small angular 
fragments of slate and light-colored siltstones and graywacke, a few 
of which are large—as much as two feet long. Under the microscope, 
however, these fragments appear to be fine-grained acid lavas, with 
small quartz and plagioclase phenocrysts. The rock, therefore, is 
perhaps a water-laid lithic tuff. The full thickness of this member is 
not known, for the top was not certainly located, but it cannot be less 
than 450 feet. The aggregate of this member and the other strata 
which form the upper part of the Abram series is, thus, in excess of 
2100 feet. 

POST-ABRAM INTRUSIVES 


One basic dike cutting the acid tuff was observed between Little 


Vermilion and Daredevil lakes. A small body of porphyry was ob- 
served to cut and to contain inclusions of graywacke in the area just 


16M. E. Hurst: Geology of the Sioux Lookout area, Ont. Dept. Mines, Ann. Rept., vol. 41, pt. 6 
(1933) p. 12, 14. 

The writer has nowhere seen such interbedding either in Vermilion Township or in the whole 
of the Sioux Lookout region, and the evidence afforded by the remarkable conglomerates of 
Abram Lake and Block 10 (near Sioux Lookout) conclusively show a significant time break 
between the sediments and the greenstones. 

7 J. Pettijohn: op. cit., p. 481, 495, 496. 

A later restudy by the author of the sections on Abram and Pelican Lakes near Sioux Lookout 
shows the upper part of the Abram Series to be constituted almost wholly of agglomerate and 
tuff, with possibly some flows. 

18 It is desirable to have the criteria stated by which tuffs, especially water-laid, may be dis- 
tinguished from true sediments. The difficulty of separation is perhaps not great in younger 
periods where glass, shard structures, and others, are preserved, but in the recrystallized early 
pre-Cambrian rocks the distinction is made with difficulty. The description of the Clarksburg 
formation by W. S. Bayley [in C. R. Van Hise and W. S. Bayley: The Marquette iron-bearing 
district of Michigan, U. 8S. Geol. Surv. Mon. 28 (1897) p. 460-481.] is an especially good discussion 
of recrystallized sediments, tuffaceous sediments, and tuffs, in which the criteria for discrimina- 
tion between the several types are presented. 
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southeast of Daredevil Lake. This intrusive is probably similar to 
several other small bodies noted in the southwest part of Minnitaki 
Lake outside of this township.*® As a thin section was not studied, it 
is not possible to classify the porphyry exactly, although it is probably 
a granite, or perhaps a quartz, monzonite-porphyry. 


STRUCTURE 
GENERAL ANALYSIS 


The strike of the sediments and the lavas is generally east to north- 
east. The dips rarely depart much from the vertical; hence, it is evi- 
dent that the strata are closely folded. It is also clear, as the dip is 
uniformly so steep, that the direction of dip has little significance in 
working out structural relations as the strata may be overturned. On 
the other hand, the orientation of a bed, as determined by graded- 
bedding or cross-bedding, or shape and arrangement of the pillows in 
the ellipsoidal flows, is of the utmost importance.?° 

The Abram sediments crop out over most of the land area separating 
Little Vermilion and Vermilion lakes, and thus make a band, a mile 
to a mile and a half wide, which runs east-northeast across the town- 
ship. The Keewatin flanks the sediments on the southeast and on the 
north and northwest (Pl. 177). Several possible relations may exist 
between the two series. (1) The sediments may constitute an infolded 
synclinal structure with the two limbs of the fold closely appressed. 
Such has been a common interpretation for this situation in other 
areas.” (2) The sedimentary band may be a portion of a homoclinal 
structure (often miscalled, monoclinal). Such is the interpretation 
given to the bands of sediments of similar character in the Michipi- 
coten area and in the Woman River-Ridout district.22 (3) The con- 
tacts between the sediments and the lavas, either one or both, may be 
fault contacts, and the sedimentary band may be structurally com- 
plex within itself. 

In this area it is evident that the hypothesis of a simple infolded 


2 F, J. Pettijohn: op. cit., p. 484. 

20 Despite general recognition of this fact, some workers in the pre-Cambrian still interpret 
structure on the basis of measured dips. See W. 8. Dyer: Geology of the Pashkokogan-Misehkow 
area, Int. Dept. Mines, Ann. Rept., vol. 42, pt. 6 (1933) p. 6, 14. 

21 EF. S. Moore: Lake Savant Iron Range Area, Ont. Bur. Mines., Ann. Rept., vol. 19, pt. 1 (1910) 
p. 180. 

A. C. Lawson: The Archean geology of Rainy Lake re-studied, Geol. Surv. Canada, Mem. 40 
(1913) p. 69. 

22 W. H. Collins and T. T. Quirke: The Michipicoten iron ranges, Geol. Surv. Canada, Mem. 147 
(1926) 141 pages. 

R. C. Emmons and Ellis Thomson: Preliminary report on Woman River and Ridout map-areas, 
Sudbury district, Ontario, Geol. Surv. Canada, Mem. 157 (1929) 30 pages. 
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syncline cannot be maintained, because the strike of the beds is gen- 
erally discordant with the margins of the band, the several members 
of the series are not symmetrically arranged with respect to any sup- 
posed synclinal axis, and the structural orientation of both flows and 
sediments does not support the notion of either a simple syncline or 
_ asynclinorium. It is probable that such a simple symmetrical syncline 
is rarely, if ever, attained even in other areas. Grout?* has shown, in 
the Rainy Lake area, the asymmetry of the Seine series on Dryweed 
Island, which Lawson heretofore considered an appressed syncline. 
Merritt** has done the same for the Seine beds on the upper courses of 
the Seine River. Emmons and Thomson®* have demonstrated the 
asymmetry of the Ridout series in the Woman River-Ridout area, 
and Collins** has, likewise, shown the asymmetric structural position 
of the Doré series. 

The second hypothesis, which interprets these bands as homoclinal 
in structure, might seem to account for the relations observed in Ver- 
milion Township, since, of 47 determinations of top and bottom, based 
on primary features of both sediments and lavas, 42 indicate a south- 
facing top and only 5 a north-facing top. Of the five with reversed 
orientation only two observations are reliable. There is, however, 
certain evidence contrary to this view. (1) The strike of the bedding 
within the sedimentary belt is discordant with both contact margins. 
Furthermore, the belt widens southwestward, where, on the arkosites 
and conglomerates of the Ament Bay formation and between these 
and the greenstones to the southeast, there is a considerable thickness 
of finer graywackes and slates and volcanic tuffs, the Daredevil for- 
mation. These relations are not consistent with any hypothesis of 
homoclinal structure, certainly not if conformity is supposed between 
the several series involved. (2) The sediments definitely rest uncon- 
formably on the quartz porphyry which intrudes the volcanic agglom- 
erates composed of Keewatin greenstone fragments. Hence, the sedi- 
ments are younger than the greenstones. This is further confirmed by 
inspection of the conglomerates in the sediments, which are formed 
largely of boulders and cobbles of the volcanics. It is certain, there- 
fore, that part, if not all, of the volcanics are pre-Abram in age, and 
the superimposition of the lavas, as implied by the homoclinal se- 
quence, is anomalous and must be due to faulting. 


%F, F. Grout: Coutchiching problem, Geol. Soc. Am., Bull., vol. 36 (1925) p. 354. 

*% Phillip L. Merritt: Seine-Coutchiching problem, Geol. Soc. Am., Bull., vol. 45 (1934) fig. 7. 
% R. C. Emmons and Ellis Thomson: op. cit., p. 18-19. 

% W. H. Collins and T. T. Quirke: op. cit., p. 21. 
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The third hypothesis, requiring extensive faulting, seems best to 
explain the facts observed.?” Actual contacts between the Abram 
sediments and the Keewatin were not found. The contact is every- 
where covered by lake or muskeg or is in a low drift-filled trench. 
Such contacts are nearly straight, show no deviations, as might be 
expected were infolding the rule, and are associated with intensely 
schistose phases of both the sediments and the lavas. The Keewatin 
becomes a fissile chlorite schist, whereas the normal massive arkosite 
becomes a fissile quartz-sericite schist near the contact. Replace- 
ment by carbonates and by sulfides, especially pyrite, is extensive in 
these contact schists. These facts, taken in conjunction with the 
larger areal relations mentioned above, such as the discordance be- 
tween strikes and dips with the margins of the sedimentary belt, the 
anomalous superposition of the greenstones on the sediments, and the 
non-symmetrical arrangement of beds within the belt of sediments, 
lead to the conclusion that the contacts are really fault contacts. 


STRUCTURAL FEATURES OF VERMILION TOWNSHIP 


Both the southern and the northern contacts of the Abram sedi- 
ments and the Keewatin lavas thus appear to be faulted. The south- 
ern boundary fault, which may be called the Little Vermilion fault, 
runs northeast-southwest through the main body of Little Vermilion 
Lake and is essentially parallel to the lavas, although it obliquely 
truncates the beds of the upper part of the Abram series at about a 
15-degree angle. Moreover, the structural orientation of the whole 
Abram series is such (top facing south) that, unless a fault is postu- 
lated, the greenstones to the southeast would be superimposed on the 
sediments; whereas, the evidence elsewhere shows the greenstones to 
be older. Nowhere is the fault contact exposed, but in the southeast 
corner of Closs Lake a fissile, brown-weathering schist is found be- 
tween the massive arkosites and the massive greenstones. At this 
point at least 4000 feet of sediments are cut out. 

There is some physiographic evidence that this fault splits into 
several slightly divergent branches in the southwestern part of Little 
Vermilion Lake and determines, in large part, the configuration of the 
shoreline of that lake. Schistose facies occur in such positions as to 
confirm this branching, and the map relations near Daredevil Lake 
further substantiate this interpretation. 


7 Hurst, however, says that ‘‘on the whole the belts of sediments and greenstones have been 
little affected by shearing or faulting.” M. E. Hurst: op. cit., p. 18. In respect to shearing, or 
schistification, it is true that the rocks, both the lavas and the sediments, are normally “massive,” 
or at least devoid of any secondary cleavage, so that the rock would be called schistose. On 
about 1000 observations it was found that only 16 per cent could be properly called schists. 
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The structure of the lavas southeast of the fault is apparently simple, 
for they appear to have uniform structural orientation—that is, a 
N 45° E strike and a nearly vertical dip and flow tops facing southeast. 

The Abram sedimentary belt is bounded, on the north, by the Ver- 
milion fault. The Little Vermilion fault trends N 45° E, and the 
Vermilion fault strikes N 65° E; hence, the Abram sedimentary belt 
narrows northeastward as the faults converge. The Vermilion fault 
approximately coincides with the lake shore east of Erratic Bay and 
is marked everywhere by a narrow zone of schistification, as exhibited 
by the conglomerate outcrops on Portage Bay. Re-study of the struc- 
ture of the sediments between the faults confirmed the writer’s earlier” 
interpretation that, in the wider part of the sedimentary belt, the struc- 
ture is that of a steeply pitching anticline with a broad, well-developed 
south limb and a much pinched and schistose northern limb. The 
quartz porphyry and the Keewatin agglomerates are exposed along 
the axis of the fold. Certain complexities, however, had been over- 
looked. The map relations suggest some cross-faulting in Ament Bay. 
One such fault, striking about N 30° E, is demonstrated by physi- 
ographie evidence, by marked changes in strike of bedding, and by 
truncation of the “rhyolite” (acid tuff?) at the outlet of the bay. 
Perhaps a second fault, parallel and west of the Ament Bay fault, is 
required to account for the difficulty in connecting the structures east 
of Ament Bay with those west of it. 

The probable existence of a third major fault, the Whitefish Island 
fault, running east-west in Vermilion Lake, touching the northern side 
of Whitefish Island, and perhaps joining the Vermilion fault in Moose 
Bay, is indicated by a zone of schistose rocks. 

The amount and direction of movement along these faults is difficult 
to determine. Hawley *® considers the movement on a similar fault 
in the Sapawe Lake area to be largely horizontal shear, but Merritt*° 
has questioned his evidence. Consideration of the following evidence 
leads to the conclusion that the slip is large and nearly horizontal and 
in this region is such that the southeast side moved northeast. (1) It 
is not possible to match great difference in structures on either side 
of the fault. (2) Associated folding—that is, local folding near the 
fault zone—is always characterized by a steep pitch, 60 or more 
degrees. Even some of the larger folds have such a high angle of pitch 
and may be related to the movement producing the fault shear. (3) 


%F, T. Pettijohn: Conglomerate of Abram Lake, Ontario, and its extensions, Geol, Soc. Am., 
Bull., vol. 45 (1934) p. 490-491. 

2J. E. Hawley: “Seine” or “Coutchiching,” Jour. Geol., vol. 38 (1930) p. 521-547. 
® Phillip L. Merritt: Op. cit., p. 369. 
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The structures of the sediments between, and adjacent to, faults is 
incompatible with any simple up- or down-throw. The anticlinal 
structure of the “down-throw” block between the Vermilion and the 
Little Vermilion faults is an example. Such a structure would nor- 
mally be expected to be synclinal. (4) Northeast of Abram Lake 
(outside Vermilion Township) the vertical-standing, basal conglom- 
erate of the Abram series, here over 1000 feet thick, is cut off obliquely 
by a shear fault. What seems to be the strike continuation of these 
beds, appears some 22 miles farther northeast, along the same fault 
(or branch thereof). Such offset can hardly be produced otherwise 
than by large lateral displacement. : 


COMPARISON WITH OTHER AREAS 


Collins and others* map the Murray fault for a distance of 115 
miles. This fault is usually marked along its length by a straight 
watercourse (Serpent River). More recently, Hawley*? and, later, 
Merritt mapped a shear fault more than 50 miles long in order to 
explain some of the otherwise anomalous features of the geology in the 
region south of Steeprock Lake between Sapawe Lake and Rainy Lake. 
Hawley recognized the importance of the horizontal movement in the 
faulting and even listed seven criteria by which the existence of this 
fault was established. He concluded that the structure, both folds and 
faults in Sapawe district, is related to deformation which “was largely 
of an east-west horizontal shear.” Gill®* took issue with Hawley, 
however, on his interpretation of the mechanics of the deformation. 
Thomson," in his report on the Manitou-Stormy lakes area, mapped 
and described in detail a number of faults which have all the essential 
characteristics of those described here, including the element of large 
horizontal movement. 

Gordon Rittenhouse,** in a detailed survey of an area west of Poisson 
Township in the Savant Lake district, reports a fault contact between 
the Keewatin volcanics and a 9000-foot-thick conglomerate. Both 
lavas and sediments are vertical, yet the tops of the two sets of strata 
are mutually opposed so that the beds rest bottom to bottom. 


a W. H. Collins: North shore 0) “.%e Huron, Geol. Surv. Canada, Mem. 143 (1925) p. 104-107. 

J. E. Hawley: Geology of the Sap iwe Lake area, with notes on some iron and gold deposits 
of Rainy River district, Ont. Dept. Mines, Ann. Rept., vol. 38, pt. 6 (1929) p. 1-58; ‘‘Seine’’ or 
“Coutchiching”, Jour. Geol., vol. 38 (1930) p. 521-547. 

83 James E. Gill: “Seine” or “Coutchiching” by J. E. Hawley: A Discussion, Jour. Geol., vol. 39 
(1981) p. 655-669. 

% James E. Thomson: Geology of the Manitou-Stormy lakes area, Ont. Dept. Mines, Ann. Rept. 
vol. 42, pt. 4 (1933) p. 1-40. 

®% Gordon Rittenhouse: Personal communication, 1934. 
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Cooke, James, and Mawdsley** describe a similar situation in the 
Rouyn-Harricanaw area in Quebec. Faulting of the Timiskaming- 
Keewatin boundary appears to be the rule rather than the exception. 
Seemingly, however, this type of deformation has not been given the 
recognition it deserves. 


SUMMARY 


In this region the bedded rocks are isoclinally folded. The fold- 
limbs do not, however, have equal development. In this township the 
normal limb is composed of nearly vertical beds which have a common 
structural orientation, in this case with their respective tops facing 
south. The strata have their normal thickness, essentially the width of 
the outcrop, are non-schistose, and show undistorted original features 
such as ellipsoids and cross-bedding. The abnormal or reverse fold- 
limb is much attenuated by shear, is characteristically schistose, and 
the primary features are so distorted or obliterated that the origin 
of the schist is often in doubt. Mineralization, and the introduction of 
carbonates which replace the primary minerals, is the rule. 

The attenuated fold-limb passes through still greater thinning into 
a narrow band of schist, several hundred feet wide, in which the move- 
ment is concentrated. This schistose zone is, in reality, a fault zone. 
The lateral shear or strike slip along these zones is probably large. 
The writer accordingly called them shear faults,*’ to distinguish them 
from ordinary steep normal or reverse faults and from the low angle 
overthrusts. 

The closely folded lavas and sediments of Vermilion Township are 
cut by three such shear faults, designated from south to north as the 
Little Vermilion fault, the Vermilion fault, and the Whitefish Island 
fault. Within the township they divide the rocks into four main blocks, 
the structure of each of which is complex. 


*H. C. Cooke, W. F. James, and J. B. Mawdsley: Geology and ore deposits at Rouyn-Harri- 
canaw region, Quebec, Geol. Surv. Canada, Mem. 166 (1931) p. 66-67. 
FF. J. Pettijohn: op. cit., p. 504-505. 
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INTRODUCTION 


The method of analysis herein described is being used in Illinois 
in an investigation of the mineral constituents of various soils, clays, 
and shales. The results are to be published later, but sufficient prog- 
ress has already been made to warrant a statement of the technique 
developed. 

The need for a method for the accurate identification and classifi- 
cation of mineral particles of colloidal size has long been a problem.? 
Various methods have been used in attempting to solve the problem, 
but in investigating the argillaceous sediments of Illinois, it was found 
that even the most recently described techniques do not entirely suffice 


* Manuscript received by the Secretary of the Geological Society, August 12, 1935. 

¢ Published with the approval of the Director, Agricultural Experiment Station, University 
of Illinois, and with the permission of the Chief, Illinois State Geological Survey. 

1In this paper, for the purpose of description, material existing in particles smaller than 
one micron in diameter is designated as being of colloidal size. 


(1909) 
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when the colloidal particles contain several minerals. Although this 
inadequacy has not been entirely surmounted for all argillaceous 
materials, it is felt that the technique herein described permits a more 
complete and more accurate mineral identification than has been pos- 
sible heretofore. A clay and a shale from Illinois have been selected 
to serve as illustrations of the results obtainable. 


OTHER METHODS USED IN MINERAL ANALYSIS OF 
ARGILLACEOUS SEDIMENTS 


Mechanical analysis is probably the most common method now in 
use. In this method the original material is separated by sedimenta- 
tion or elutriation on the basis of particle size. This method and the 
principles involved have been reviewed recently by Gessner? and by 
Krumbein.* The identity of the mineral constituents of the fractions 
thus separated must be determined by microscopic study, X-ray, or 
chemical analysis. Commonly, the coarser fractions are studied micro- 
scopically, and the finest are designated as “silt” and “clay,” without 
any attempt at precise mineral identification. 

The petrographic microscope has yielded comparatively little infor- 
mation in the mineral analysis of unfractionated argillaceous sedi- 
ments except under special conditions. Thin section and immersion 
methods have succeeded only on coarse-grained samples either of a 
single constituent or of aggregates composed of uniformly oriented 
individual particles of a single mineral species. The finest components 
of some shales possess a uniform crystallographic orientation which 
permits the measurement of a number of optical values. Mineral 
identifications based on such criteria are not always trustworthy, since 
the fine fraction may be a mixture in which the constituents are too 
small to be detected individually. A good example of this is a mixture 
of beidellite and sericite, both of which have a flake-like shape and 
may possess somewhat similar optical properties. 

After fractionation, however, some success has been attained with 
the petrographic microscope, in the mineral analysis of coarser frac- 
tions of soils, clays, and shales. Usually, fragments coarser than one 
or two microns in diameter can be identified, but the individual 
particles in finer material are too small for separate study, and micro- 
scopic identification can be attempted only on the basis of data 
obtained from aggregates. Difficulties are encountered in the use of 


2H. Gessner: Die Schlimmanalyse (1931) 244 p. Leipsig. 
3 W. H. Krumbein: A history of the principles and methods of hanical analysis, Jour. Sed. 
Petr., vol. 2 (1932) p. 89-124. 
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such data because of the possibility that the aggregates may be a 
mixture of several species. Further difficulties occur due to the ran- 
dom crystallographic orientation of the individual particles composing 
the aggregate, which may prevent the determination of any diagnostic 
optical criteria. Grim‘ has described a simple method, however, of 
collecting oriented aggregates by allowing suspended flake-like par- 
ticles to settle on a glass slide. 

In recent years the X-ray powder method has been applied advan- 
tageously to minerals by Hadding,> Rinne,® Kerr,’ Nagelschmidt,® 
and others. It is best applied to samples consisting essentially of one 
crystalline constituent. 

The X-ray diffraction pattern is particularly sensitive to dite 
in crystallization where unlike internal structures are concerned. The 
method is also applicable to aggregates too fine for convenient micro- 
scopic study. Under certain conditions, considerable amounts of im- 
purities may be ‘present without interfering with the pattern of a 
preponderant mineral constituent. This is an advantage when one is 
forced to work with clays containing small amounts of impurities. 

It should also be remembered that, in work with fine mineral aggre- 
gates, X-ray methods are necessarily only supplementary. As used 
in the study of clays, they are almost entirely dependent upon estab- 
lished standard patterns of pure minerals. These standards can be 
relied upon only if the material thus represented has also been analyzed 
optically and chemically. The fact that the fine constituents of many 
argillaceous materials are mixtures has heretofore interfered with their 
identification by X-ray methods. 

A combination of mechanical analysis with microscopic examina- 
tion of all size grades, and X-ray, chemical, and dehydration analyses 
of the finest fractions, has provided trustworthy results in the mineral 
analysis of restricted types of material.° However, in many instances, 
particularly in the case of clays and shales containing a mixture of 
minerals, such methods have not permitted accurate and complete 
mineral identifications because mechanical separations of the finest 


*R. E. Grim: Petrographic study of clay minerals—a laboratory note, Jour. Sed. Petr., 
vol. 4 (19384) p. 45-47. 

5 Assar Hadding: Eine réntgenographische Methode kristalline und kryptokristalline Substan- 
zen zu identifizieren, Zeitschr. Kryst., vol. 58 (1923) p. 108-112. 

SF. Rinne: Rént, phische untersuchungen an einigen feinzerteilten Mineralien, Kunst- 
produckten und dichten Gesteinen, Zeitschr. Kryst., vol. 60 (1924) p. 55-69. 

7P. F. Kerr: Bentonite from Ventura, California, Econ. Geol., vol. 26 (1931) p. 153-168. 

8G. Nagelschmidt: Réntgenographische Untersuchungen an Tonen, Zeitschr. Kryst., vol. 87 
(1984) p. 120-146. 

®°R. E. Grim: Petrography of the fuller’s earth deposit, Olmsted, Illinois, with a brief study 
of some non-Illinois earths, Econ. Geol., vol. 28 (1933) p. 345-363. 
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fractions have not been sufficiently refined to isolate the constituents.’® 

A difficulty in all such analytical work on argillaceous sediments has 
been the absence of basic data for many of the mineral constituents. 
Largely as a result of the researches of Ross and Kerr, who applied 
X-ray, optical, and chemical methods to coarser clays purified by 
hand picking, such data are becoming available for comparative 
purposes. 

Various methods based on complete or partial chemical analysis 
have been used. Washington’? early pointed out the possibility of 
expressing the chemical composition of a clay in terms of certain 
minerals of assumed identity and composition, which are postulated 
as the important constituents. On the basis of present knowledge such 
assumptions can rarely be accurately made, because different clays may 
be dominated by different minerals whose composition may vary due 
to isomorphism. Thus, the aluminum in a clay may occur in the form 
of a mineral of the montmorillonite group, of the kaolin group, or 
of mica, and even in two clays containing a mineral of the kaolin 
group, the silica-to-alumina ratio may vary.'* 

The “rational analysis”** of clays is widely used among European 
ceramists for computing mineral composition on the basis of partial 
chemical analyses. Such determinations are based on the assumption 
that certain minerals make up the materials analyzed, and that these 
constituents always exhibit definite chemical properties, such as solu- 
bility in certain acids. Neither assumption can be made safely for 
clays and shales. For example, the solubility in acid is influenced by 
particle size. However, results of some value may be obtained from 
this method when analyses are limited to high grade clays, such as 
china clays, which are composed essentially of kaolinite. In recent 
years, users of this method have recognized its limitations and have 
attempted improvements. 

The mineralogical classification of clays suggested by van Bem- 


10 Since this paper was presented, a report by C. E. Marshall [Mineralogical methods for the 
study of silts and clays, Zeitschr. Kryst., vol. 90 (1935) p. 8-34] based, in part, on earlier work 
by the same author [A new method of determining the distribution curve in polydisperse colloidal 
systems, Roy. Soc. London, Pr., (A), vol. 126 (1929) p. 427-439] has appeared, describing a 
method for identifying the constituents of fractions of silts and clays smaller than lw by the 
use of optical and base-exchange capacity data. 

11C. S. Ross and P. F. Kerr: The kaolin minerals, U. S. Geol. Surv., Prof. Pap. 165-E (1931); 
p. 151-176; The clay minerals and their identity, Jour. Sed. Petr., vol. 1, no. 1 (1931) p. 55-65. 

12H. S. Washington: The calculations of the ‘‘Rational analysis” of clays, Jour. Am. Cer. Soc., 
vol. 1 (1918) p. 405-420. 

18C. S. Ross and P. F. Kerr: op. cit. 

%4For a recent critical discussion of some phases of rational analyses, see H. Lehmann and 
W. Nuemann: Ueber die Tonsubstanz (Ein Beitrag zur Beurteilung der rationellen Analyse), Ber. 
deut. keram. Ges., vol. 12 (1931) p. 327-363. 
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melen ?° is widely followed in Europe, particularly in Germany. The 
portion of the clay soluble in hydrochloric acid is classed as allopha- 
neton, and that portion soluble in sulphuric acid, but not in hydro- 
chloric acid, is classed as kaolinton. Allophaneton and kaolinton are 
placed in the siallit group in Harrassowitz’s '* larger classification of 
argillaceous rocks. The siallit group is defined as containing no appre- 
ciable amount of hydroxides of aluminum and iron, whereas the allit 
group has large amounts. Material showing a silica-to-alumina ratio 
of less than two to one is commonly considered to contain hydroxides 
of aluminum and iron, and hence is placed in the allit group. Where 
the silica-to-alumina ratio is above two to one, the material is placed 
in the siallit group. This classification, although based indirectly 
on the mineralogy of these sediments, cannot be said to provide spe- 
cific information on their mineral composition. 

Even the most complete of the above methods fails to yield reliable 
mineralogical analyses of the finest fractions of many soils, clays, and 
shales. Thus, opinion varies as to whether such material is crystalline 
or amorphous, whether it is composed essentially of a mixture of 
oxides of aluminum and silicon, or of specific compounds of these 
oxides, or whether kaolinite is the essential mineral constituent of 
most clays or only one of a series of minerals, any one of which may 
be the dominant component of a given clay. 


RELATION OF PROPOSED TECHNIQUE TO COLLOID 
RESEARCH PROCEDURE 


Within the last few years the nature of the colloidal material in 
soils has received considerable attention from soil chemists. Much 
of the work has been done on the colloidal material as a whole rather 
than on fractions within the colloid size range. However, several 
papers bearing on fractionation of the material smaller than one or 
two microns have been published. 

In 1923, Bradfield ** reported the analyses of two soil fractions sepa- 
rated by means of the centrifuge, and concluded that the colloid was 
essentially a readily decomposed complex silicate. Later, Gile et al *® 
and Robinson and Holmes '* investigated the variation in composition 


1% J, M. van Bemmelen: Beitrag zur Kenntnis der Verwitterungsproduckte der Silicate in Ton 
Vulkanischen und Laterit-Béden, Zeitschr. anorg. allgem. Chem., vol. 42 (1904) p. 265-314. 

16H. Harrassowitz: Laterit, Fortschr. Geol. Paleont., bd. 4, heft 14 (1926) p. 253-566. 

17R. Bradfield: The chemical nature of colloidal clay, Mo. Agr. Exp. Sta., Res. Bull. 60 (1923). 

1% P, L. Gile, H. E. Middleton, W. O. Robinson, W. H. Fry, and M. S. Anderson: Estimation 
of colloidal material in soils by adsorption, U. 8. Dept. Agr., Bull. 1193 (1924). 

2°W. O. Robinson and R. S. Holmes: The chemical position of soil colloids, U. S. Dept. 
Agr., Bull. 1311 (1924). 
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of successive extractions of colloids from soils, and concluded that 
the variation was comparatively slight. Robinson and Holmes also 
reported on the analyses of two size-fractions within the colloid size 
range. They showed higher SiO, and lower Fe,O; for the coarser 
fraction, agreeing with the conclusion by Bradfield. 

In 1930, Denison 2° investigated the colloid fractions obtained by 
successive dispersions of samples from the “C” horizons of several later- 
itic soils. Significant differences in chemical composition were found. 
Brown and Byers! extended the work to cover a wide variety of 
soils. They are the first to report extensive analyses on soil colloids 
fractionated on the basis of size distribution. Their analyses show 
the same trend already observed, i.e., higher SiO, in the coarser frac- 
tions, and higher iron relative to aluminum in the finer fractions. They 
interpreted these differences on the basis of quartz in the coarser sizes 
and the segregation of free iron and aluminum oxides, especially iron 
oxide, in the finer sizes. They did not discuss the possibility that 
different silicates were being fractionated, and report no X-ray or 
optical analyses. 

Recently, Bray *? has reported on fractionated colloids from dif- 
ferent soil horizons showing highly significant variations in chemical 
composition. He modified the method of size fractionation described 
by Brown and Byers, and extended it to a still finer size range. More 
recently, two of the authors (Grim and Kerr) have cooperated with 
Bray by adding optical and X-ray analyses to the investigation of 
the colloid fractions, in an attempt to establish the mineral significance 
of these variations. 


DESCRIPTION OF TECHNIQUE EMPLOYED 
GENERAL STATEMENT 


In brief, the technique consists of (1) treatment removing easily 
soluble materials and exchangeable bases, to permit adequate sus- 
pension of the colloid fractions; (2) dispersion and sedimentation to 
remove the particles smaller than one micron in diameter, followed by 
fractionation with the supercentrifuge; (3) optical study with the 
petrographic microscope; (4) X-ray diffraction photography of the 
prepared fractions; and (5) chemical analysis. 


JT. A. Denison: The chemical position of colloidal material isolated from the horizons of 
various soil profiles, Jour. Agr. Res., vol. 40 (1930) p. 469-483. 

211, C. Brown and H. G. Byers: The fractionation, composition, and hypothetical constitution 
of certain colloids derived from the great soil groups, U. S. Dept. Agr., Tech. Bull. 319 (1932). 

2R. H. Bray: A chemical study of soil development in the Peorian loess region of Illinois, 
Am. Soil Surv. Assoc., Bull. 15 (1934) p. 58-65. 
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PRE-TREATMENT OF CLAY MATERIALS 


For the successful fractionation of a clay, the removal of soluble 
or semi-soluble salts and replaceable bases, such as calcium and 
magnesium, is necessary in order to encourage complete dispersion. 
Recoveries as small as 63 per cent of the total colloid content of cer- 
tain soils are reported by Brown and Byers, when no pre-treatment 
was used. 

The detail of the pre-treatment depends on the nature of the original 
material. Carbonates, when present, should be removed with dilute 
acids. Replaceable bases should be removed by leaching with 0.1 
normal hydrochloric acid or one normal ammonium acetate and the 
excess acid or salt washed out with water or a water-alcohol mixture. 
The clay is then dispersed in ammonia water. 

The preliminary acid treatment might be expected to dissolve a 
small amount of R.O; or SiO,, but thus far in these researches no 
appreciable solution has been effected. There exists the possibility, 
however, that with some materials the acid pre-treatment should be 
avoided and the neutral salt leach substituted. Both pre-treatments 
have been used with success. Ammonia is preferred for dispersion 
because the excess ammonium hydroxide can be easily removed. 


DIRECTIONS FOR PRE-TREATMENT AND FRACTIONATION 


Weigh out a sample of material large enough to give a sufficient amount of 
each fraction for chemical analysis, petrographic examination, and X-ray study. 
A kilogram or more of some coarse shales may be necessary, whereas less than half 
a kilogram of heavy clay soils may yield sufficient material. 

Place the material in 400 cc. beakers, about 200 grams to the beaker, and start 
pre-treatment. 

(1) Carbonate-containing materials: ; 

Add one normal acetic acid, let stand with occasional stirring. Decant and 
repeat until all carbonates have been dissolved. 

(2) Carbonate-free materials: 

Add 200 cc. of 0.1 normal hydrochloric acid or neutral one normal ammonium 
acetate, mix and let stand two hours. 

(3) After treatment described under (1) or (2) filter on 9 em. Buchner funnels, 
using about 100 to 200 grams to each funnel, depending on clay content and 
ease of filtering. Leach with the 0.1 normal hydrochloric acid or one normal 
ammonium acetate, using suction, until 500 to 700 ce. of filtrate has been obtained 
from each. The clay is then leached with the same amount of water or of a 
50-50 water-alcohol solution. With compact clays, four to eight hours may be 
required for the whole operation. 

(4) Remove the clay from the filters and place in dispersion bottles, with 
ammonia water made up by adding 2 ce. of concentrated ammonia to 1500 cc. 
of water. Shake sufficiently to mix the clay with the water and allow to settle 
24 hours. Remove the top 8 cm. by siphoning and save in large bottles. Add 
more of the dilute ammonia water to the dispersion bottle and repeat the above 
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process until the top 8 cm. appear practically free from opalescence after standing 
24 hours. This operation requires several minutes each day for two or more 
weeks. 

The collected suspension is material finer than one micron; the residue in the 
dispersion bottle contains the material coarser than one micron.” This technique 
for the removal of the one-micron colloid may be varied. Brown and Byers used 
a centrifuge. In the present work, 2% liter bottles were used for dispersion, 
and 100 to 300 grams of clay material were added to each. Long shaking or 
mechanical mixing should be avoided, to prevent unnecessary breaking of the 
mineral particles. 

(5) The residue in the dispersion bottle is air-dried and weighed. 

(6) The suspension, usually amounting to 40 to 80 liters, is run through the 
supercentrifuge, using drag No. 2 (the medium-sized inlet in the Sharples labora- 
tory supercentrifuge). Twelve-liter bottles are convenient units for this work 
and are placed with the bottom about level with the top of the centrifuge. With 
drag No. 2 this gives a rate of flow of about 500 cc. per minute. 

The centrifuge is brought up to 40,000 r.p.m. before the flow is started. This 
speed and the above rate of flow are maintained for this part of the fractionation. 

The suspension coming out at the top of the supercentrifuge contains the finer 
colloid fractions and is saved for further fractionation as described below under (7). 

The material collected in the centrifuge bowl is the coarse colloid, still con- 
taminated with more or less finer material. This is placed in a small wide-mouth 
jar, covered with the dilute ammonia water, and allowed to stand one or more 
hours. It is then gradually mixed with more water and finally dispersed in 12 
to 24 liters of the dilute ammonia water. This is again fractionated as described 
above, and the process is repeated from five to ten times, or more, in order to 
free the coarse colloid from the finer fractions. The endpoint is judged by the 
opalescence of the liquid coming out of the supercentrifuge, or it may be deter- 
mined by the coagulation with barium chloride. The fractionation is usually 
stopped when very small amounts are coming through, a true endpoint being 
often impracticable, if not impossible. 

The coarse colloid fraction is air dried, weighed, and saved for examination. 

(7) The collected suspension containing the finer fractions obtained by sepa- 
rating the coarse colloid fraction is run through the supercentrifuge at 40,000 r.p.m., 
but at a rate of flow of 125 to 150 cc. per minute, using drag No. 1 to control 
the rate. This slower rate of flow separates the suspended material into two 
fractions, called fine and superfine, for purposes of identification. The fine colloid 
fraction mixed with some superfine material is thrown down in the centrifuge 
bowl, while the main part of the superfine material remains in the liquid coming 
out at the top, which is again saved. The fine colloid fraction is refractionated 
as described under (6), except that the rate of flow is as given under (7). It is 
then air dried and weighed. 

(8) The suspension containing the superfine colloid fraction may be evaporated 
over a hot water bath or slow steam cone. It is then allowed to come to equi- 
librium with the air moisture and weighed. Other methods of recovering the 
superfine colloid fraction from the large amount of water used will readily suggest 
themselves and may be necessary with hydrous minerals whose HzO at 110° is 
not fully reversible. 


230On the basis of Stoke’s law, the computed time for the removal of 14 material is slightly 
less than 24 hours. The described procedure, therefore, may give a slightly smaller size separation. 
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FOUR FRACTIONS OF SEPARATION 

This technique permits the original material to be separated into 
four fractions, designated as residue, coarse colloid, fine colloid, and 
superfine colloid. The residue, containing material larger than one 
micron, may be further fractionated by sieving, sedimentation, and 
elutriation. The coarse colloid fraction is that material, smaller than 
one micron, which is thrown down by the supercentrifuge with a speed 
of 40,000 r.p.m. and a rate of flow of 500 cc. per minute into a bowl, 
8 inches long and 1%4 inches inside diameter. The fine colloid frac- 
tion is that material, finer than the coarse colloid fraction, which is 
thrown down when a rate of flow of 125 cc. per minute is used with 
a speed of 40,000 r.p.m. The superfine colloid fraction is the material, 
finer than the fine colloid fraction, which is not thrown down under the 
above conditions. 

Ultramicroscopic studies made by Reitmeier, under the direction of 
Jenny,™* suggest that the average size of the particles of the coarse 
colloid fraction is about .1 micron in radius, the fine colloid fraction 
about .06 micron in radius, and the superfine colloid fraction too small 
to be accurately measured. Unpublished work, using Steele and Brad- 
field’s method,?> would seem to indicate that the superfine fraction 
has a radius smaller than .03 micron. This work also indicates that 
part of the fine fraction is smaller than .03 micron in radius, with the 
remainder rarzing upward to a radius of .06 micron, and that the 
coarse colloid fraction contains material ranging between radii of .5 
and .06 micron. 

Following the fractionation, the residue is examined with the petro- 
graphic microscope. Chemical, dehydration, X-ray, and optical studies 
of the colloid fractions are made. The mineral composition of the 
material may be determined on the basis of data obtained by these 
analyses. It is a fortunate circumstance, in so far as the optical 
examination is concerned, that individual particles existing in the sus- 
pensions tend to orient themselves during drying. Thus, the dried 
fractions are often composed of aggregates in which the individual 
components exhibit uniformity of crystallographic orientation. The 
perfection of this uniformity, occasionally developed, is striking, and, 
when investigated thoroughly, should yield information of crystallo- 
graphic interest. 


% Hans Jenny: Personal communication. 
% J. G. Steele and R. Bradfield: The significance of size distribution in the clay fraction, Am. 


Soil Surv. Assoc., Bull. 15 (1934) p. 88-93. 
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EFFECT OF FRACTIONATION ON THE ORIGINAL NATURE OF 
THE CLAY MINERALS 


The clay minerals are attacked slightly, or not at all, by the 
chemicals used in the fractionation process, as shown by R,O, deter- 
minations on the filtrates. 

The possibility of measuring natural size distribution by the frac- 
tionation process is of interest alike to geologists and to soil investi- 
gators. In view of this possibility, working of the material was 
avoided as far as possible during the first work on soils. The results 
secured justified this precaution, since a high degree of correlation was 
obtained between size distribution and soil development and ma- 
turity.2° The size distribution as measured may have some significance, 
although it does not necessarily portray the size of the particles as 
they actually occur in the sediment or at the outcrop, for original 
larger particles may have been reduced in size during the process of 
the analysis. 

Steele and Bradfield 2”? have recently described a method for meas- 
uring size distribution in the very fine size range by the pipette method 
used in conjunction with the centrifuge, which will be of great value 
where the isolation of the colloidal fractions themselves is not required. 


BASE-EXCHANGE AND WATER RELATIONSHIPS 


In clay materials possessing base-exchange properties, the bases 
present as replaceable should be determined as such, and a distinction 
made between them and the non-replaceable bases. Likewise, the 
total base-exchange capacity should be determined. Such data are 
necessary to a complete understanding of the mineral constituents. 
For example, base-exchange capacity studies on fractionated colloids 
indicate that this property is characteristic of, and limited to, certain 
clay mineral constituents. It does not appear to be a property of 
particle size alone, but depends on the mineral constituents. The 
magnitude of the base-exchange capacity is, therefore, within cer- 
tain limits, a measure of the amount of mineral or minerals present 
possessing this property. 

The nature of the replaceable ions will affect the water values, so 
that they must be known in order to interpret such values.”* This is 
especially true where ammonia or hydrogen furnishes the replaceable 


%R. H. Bray: A chemical study of soil development in the Peorian loess region of Illinois, 
Am. Soil Surv. Assoc., Bull. 15 (1934) p. 58-65. 

7 J. G. Steele and R. Bradfield: op. cit. 

1. D. Baver and G. M. Horner: Water content of soil colloids as related to their chemical 
composition, Soil Sci., vol. 36 (1933) p. 329-353. 
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ions, since these are lost during ignition, causing correspondingly higher 
ignition losses, whereas the other bases are retained as the oxides. Since 
the same mineral may possess different replaceable ions according to 
its occurrence, it is suggested that, in the future, water values be based 
on the calcium-saturated colloids. This will permit uniformity for 
comparative purposes and aid, therefore, in clay mineral identification 
studies. In the procedure described, the fractionation process leaves 
ammonium-saturated, or partly saturated, colloid fractions, and it is 
recommended that they be changed ‘> a calcium-saturated basis, when 
comparable water values are desired. 


EXAMPLES ILLUSTRATING TECHNIQUE EMPLOYED . 


The following analyses have been selected from studies of a large 
number of argillaceous sediments, as illustrations of the proposed 
technique. These sediments were chosen because they possess a wide 
range of minerals, and because the determination of certain of their 
mineral constituents is restricted to a technique of this kind. 


Round Knob, Massac County, Illinois (Illinois Geological Survey, Sample No. B4) 


Light pink-buff, slightly laminated, and slightly gritty clay from a road-cut 
exposure in the center W. 4% E. % sec. 2, T. 15 S., R. 4 E., near Round Knob, 
Massac County, Illinois. The section exposed at this locality shows, in addition 
to the slightly laminated clay, interbedded sand and sandy clay. The deposit is 
of Cretaceous (?) age. The sample was fractionated, by the technique herein 
described, with the following results: 


Per cent 
Coarse colloid fraction ................. 22.0 
Fine colloid fraction .................... 6.7 
Superfine colloid fraction ............... 20 


The results of the examination of these fractions are given below: 


Residue—About 60 per cent of the residue is composed of angular grains of 
quartz. Most of these grains are less than 01 mm. in diameter, but a few 
reach .1 mm. The remaining 40 per cent is composed of kaolinite (y = 1.565, 
 — a= 007) in minute particles occasionally attaining a diameter of .06 mm., 
white mica (y = 1.595, y —a= 030, (—), 2V small) in flakes rarely reaching 
.1 mm. in diameter, and chloritic material (y = 164+, y— a= low) in flakes 
with a maximum diameter of .1mm. Kaolinite and white mica are about equally 
abundant and compose the larger part of the non-quartz portion of the residue. 
Additional constituents, which are of exceedingly minor importance, are ortho- 
clase, albite, rutile, zircon, staurolite, kyanite, tourmaline, epidote, sillimanite, 
ilmenite and leucoxene. 
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Coarse colloid fraction—An X-ray diffraction pattern of this material shows 
moderately strong lines of kaolinite, weak lines of sericite, weak lines of quartz, 
and questionable weak lines of beidellite. Optical analyses show that the material 
is composed of aggregates in which the maximum range of indices of refraction 
is from 1.555 to 1.575 with about 90 per cent between 1.560 and 1.570. Some 
of these latter aggregates show fairly uniform crystallographic orientation of the 
individual components. For these, y — a = .009 and the sign is (—). The optical 
data are inconclusive, but they suggest a mixture composed of kaolinite with 


TasLe 1—Chemical analyses * of colloid fractions of samples B4 and B11 


B4C B4F B4S B11C B1IF B118S 
(course) | (fine) | (superfine) | (course) | (fine) | (superfine) 
48.64 47.78 48.27 57.36 52.32 49.29 
ey 33.77 33.59 27.10 23.67 25.85 16.29 
_ Se 2.32 3.15 3.93 3.55 4.04 2.74 
.38 .53 80 1.81 2.69 2.52 
.39 .63 1.99 54 .60 1.77 
25 56 .33 .98 
_ eee 2.48 2.16 2.30 5.43 6.56 4.01 
.96 .68 46 . 84 .37 
Loss on igni- 
eee 10.88 11.38 14.55 6.68 7.88 22.37 
ar 100.07 | 100.18 99.96 100.31 | 100.55 100.19 
10.86 11.31 11.84 6.36 7.88 13.17 
HyO-—....... 82 2.52 3.47 .68 1.13 5.95 
Mol. ratio 
Si0.—Al,0;..} 2.45 2.42 3.03 4.12 3.44 5.14 


* Chemical analyses made under the supervision of O. W. Rees, Associate Chemist, Illinois 


State Geological Survey. 
+ Values included in the totals were determined on material dried to 140° C. 


small amounts of other constituents. The chemical analysis of this fraction 
B4C of Table 1) indicates either a mineral with a silica-to-alumina ratio greater 
than two, or free quartz and a mineral with a low value for this ratio. The H:O+ 
is higher than that of a material rich in sericite (B11C), and close to the water 
content of kaolinite.2® In the absence of any suggestion of orthoclase or of 
any other potash-bearing mineral, the K:O appears to indicate either some 
sericite, beidellite containing some potash, or both. The X-ray, optical, and 
chemical data taken separately do not provide a safe mineral determination, but 
their agreement when taken together strongly indicates that this fraction is 


2C. S. Ross and P. F. Kerr: The kaolin minerals, U. 8. Geol. Surv., Prof. Pap. 165-E (1931) 
p. 151-176. 
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composed of kaolinite with small amounts of quartz, sericite, and possibly 
beidellite. 

Fine colloid fraction—X-ray analysis yielded a pattern containing moderately 
strong kaolinite lines, beidellite lines, and very weak lines of quartz. Optical 
analysis shows the material to be composed of aggregates ranging in indices of 
refraction from 1.556 to 1.575. In many of the aggregates the individual com- 
ponents are fairly uniformly oriented crystallographically, producing the appear- 
ance of a fragment of a single micaceous mineral. These latter aggregates 
yield y = 1.575, y—a= 019+, (—), 2V=small, and, so far as determinable, 
all aggregates possess about these optical values. So far as optical data for 


Taste 2—Summary of the composition of Illinois Geological Survey 


sample No. B4 
Fraction Per cent Size Mineral constituents 
ROMONGs 65.0045. 69.3 +.001 mm. Chief constituents: quartz, kaoli- 
nite, white mica, and chloritic 
mica. 


Minor constituents: orthoclase, 
albite, rutile, zircon, staurolite, 
kyanite, tourmaline, epidote, 
sillimanite, ilmenite, leucoxene. 

Coarse colloid....} 22.0 .5-.06 » radius | Chief constituent: kaolinite 

Minor constituents: quartz, seri- 
cite, beidellite (?) 


Fine colloid...... 6.7 .06-.03 » radius | Chief constituents: kaolinite, bei- 
dellite. 
Minor constituent: quartz 
Superfine colloid. 2.0 —.03 » radius Beidellite 
Organic material 


clay minerals are known, these values do not accurately correspond to values 
on record for any single species, but they are in the range of kaolinite and 
beidellite, and a mixture of these minerals could possess such values. It is 
noteworthy that Hoffmann, Endell, and Wilm ®° have emphasized the close simi- 
larity of the crystal structure of these minerals which may permit the very close 
intergrowth shown in such aggregates. Chemical analyses of this fraction and 
the coarse colloid fraction are similar, except in the case of the H.O(—) content, 
which has increased. This increase suggests an increase in the abundance of the 
constituent mineral with a higher H.O(—) content, i., beidellite. Taken 
together, the data indicate strongly that this fraction is essentially composed 
of kaolinite and beidellite. 


*U. Hofmann, K. Endell, and D. Wilm: Kristallstruktur und Quellung von Montmorillonite, 
Zeitschr. Kryst., vol. 86 (1933) p. 340-348. 


| 


1922 BRAY, GRIM, KERR—APPLICATION OF CLAY MINERAL TECHNIQUE 


Superfine colloid fraction—X-ray analysis of this fraction yielded a diffraction 
pattern matching the pattern of type beidellite. X-ray diffraction patterns of 
beidellite have been found to agree with patterns of montmorillonite in X-ray 
measurements. Consequently, measurements of montmorillonite on record *1 
may be assumed to be representative of beidellite. Optical analysis shows the 
material to be composed almost entirely of aggregates whose indices of refraction 
range between 1.569 and 1.534. In many of these aggregates, the individual 
component particles are uniformly oriented crystallographically, and these aggre- 
gates exhibit the following optical values: y = 1.569, a= 1.535, y — a = .034, 
(—), 2V small, which agree closely with beidellite 32 containing some of the 
nontronite molecule, and differ from those of other clay minerals. These data 
suggest that some aggregates (those with uniformly oriented components) are 
beidellite, whereas other aggregates (those with non-uniformly oriented com- 
ponents) are probably beidellite, although the optical data are not comclusive. 
Also present, are a very few aggregates appearing to be isotropic with n = 1.520+, 
whose significance is not definitely known. Chemical analyses (B48, Table 1) 
show the existence of a clay mineral with a silica-to-alumina ratio of 3.02, which 
is similar to the ratio for beidellite. The absence of quartz lines in the diffrac- 
tion pattern indicates that this ratio is not to be lowered by the presence of 
appreciable quartz. The content of H:O(—) is comparable to values for bei- 
dellite. The X-ray, optical, and chemical data agree in the determination of 
beidellite as the constituent of this fraction. 

The K;O content of this fraction, and of the fine fraction, is noteworthy. It 
is present in large enough quantities so that if it existed in sericite, orthoclase, 
or another potash-bearing mineral, lines for these should be present in the dif- 
fraction pattern. The absence of such lines must mean that the K;0 is contained 
by the beidellite. It should be pointed out, however, that type beidellite has 
been considered to be essentially alkali free.3% 


Powder Plant Hollow, Thebes, Alerander County, Illinois (Illinois Geological 
Survey, Sample No. B11) 


Gray laminated shale interbedded with thin lenses of fine sand. The shale, 
as sampled, is the uppermost portion of a section composed largely of sands. 
It is believed to be of Cretaceous age. Overlying beds of Pleistocene sediments 
and underlying pre-Cretaceous shales are also exposed in this section, which 
occurs in Powder Plant Hollow, SW. % SW. % SW. % sec. 27, T. 15 S., R. 3 W., 


#1 Pp. F. Kerr: Montmorillonite or smectite as constituents of fuller’s earth and bentonite, Am. 
Mineral., vol. 17 (1932) p. 194; Bentonite from Ventura, California, Econ. Geol., vol. 26 (1931) 
p. 166. 

#C. 8. Ross and P. F. Kerr: The clay minerals and their identity, Jour. Sed. Petr., vol. 1 
(1931) p. 55-65. 

In a later paper the alkali content of beidellite-type material and the composition of the 
mineral herein designated as sericite will be discussed in detail. Evidence has been obtained 
which suggests that the latter mineral as it oceurs in many clays, shales, and soils possesses 
a silica-to-alumina ratio of about three, and appreciable MgO content, a low base-exchange 
capacity, and a lower potash content than muscovite. Likewise, data are available which indicate 
that this mica mineral may be converted to beidellite by the elimination of K,O and MgO, with 
an attendant increase in base-exchange capacity and water content. The reverse change also 
appears to take place. A series of materials has been found, representing almost all stages in 
the beidellite-sericite sequence. 
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EXAMPLES ILLUSTRATING TECHNIQUE EMPLOYED 1923 


near Thebes, Alexander County, Illinois. The sample was fractionated, by the 
technique herein described, with the following results: 


Per cent 
Coarse colloid fraction .................. 18.5 
Fine colloid fraction ................... 83 
Superfine colloid fraction ............... 16 


The results of the examination of these fractions are given below: 


Residue—Angular grains of quartz with a maximum diameter of .06 mm., but 
usually smaller than 01 mm., compose about 70 per cent of the residue. Mica, 
in flakes usually less than 02 mm., makes up the remainder, except for the 
rare constituents. White mica (y = 1.594, y— a= .030, (—) ) with the char- 
acteristics of muscovite, and green chloritic mica (8 = 1.64+, low bi-refringence, 
(—) ) are both present, but the former is the more abundant. Minerals occur- 
ring as exceedingly rare constituents are orthoclase, microcline, zircon, tourmaline, 
sillimanite, rutile, epidote, and glauconite. 


Coarse colloid fraction—An X-ray diffraction analysis of this material yields 
a pattern containing strong quartz lines, strong sericite lines, and questionable 
lines for beidellite. Optical analyses of this fraction show that the aggregates 
composing it possess indices of refraction between 1.555 and 1.592. Many of the 
aggregates are made up of uniformly oriented individual components, and from 
these the following optical values can be obtained: + = 1.592, y — a = .082, (—), 
2V =small. These values correspond to the optical properties for sericite. The 
fact that the indices of refraction of the other aggregates are usually within the 
same limit suggests that they are also composed largely of the same mineral. 
The chemical analysis (B11C) shows either the existence of much uncombined 
silica or a mineral with a high silica-to-alumina ratio. The K:O content is high, 
approaching values characteristic of the white micas. The H,O(+) and H.O(—) 
contents are below those of beidellite or kaolinite, but closely similar to those 
of the micas. All the evidence agrees in indicating sericite and quartz as the 
essential constituents of this fraction. 


Fine colloid fraction—An X-ray diffraction pattern of this fraction shows strong 
lines for sericite, weak quartz lines, and questionable beidellite lines. Most of 
the aggregates composing this fraction are composed of crystallographically uni- 
formly oriented individuals, and these show the following optical data: y = 1.592, 
y — a= 032, (—), 2V small, which are similar to those for sericite. The other 
aggregates possess indices of refraction ranging between 1.592 and 1.555, sug- 
gesting that they are also composed largely of this mineral. The chemical 
analysis (B11F of Table 1) is quite similar to that of the coarse colloid fraction 
(B11C) previously discussed. However, it shows a lower silica-to-alumina ratio 
agreeing with the change in quartz lines in the diffraction patterns from strong 
to weak. The increased K:O content indicates a corresponding increase in seri- 
cite. The increase in HsO(+) and H:O(—) suggests the presence of a mineral 
with a higher water content than mica, in this case probably beidellite. The 
data agree in indicating that this fraction is composed of sericite with some quartz, 
and possibly some beidellite. 
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Superfine colloid fraction—X-ray analysis of this material produces a diffrac- 
tion pattern showing only the lines for beidellite. Optical analysis shows the 
existence of aggregates ranging in indices of refraction from 1.575 to 1.520. Most 
of the aggregates appear isotropic, but whether this is the result of non-uniformity 
of crystallographic orientation of the individual components or of actual iso- 
tropism could not be determined. The few aggregates showing anisotropism 
possess fairly high bi-refringence (about 025). Most of the aggregates, including 


TaBLe 3—Summary of the composition of Illinois Geological Survey 


Sample No. B11 
A imate 
Fraction Per cent saidha then Mineral constituents 
Ns .w505 71.6 +.001 mm. Chief constituents: quartz, white 


mica, chloritic mica 

Minor constituents: orthoclase, 
microcline, zircon, tourmaline, 
sillimanite, rutile, epidote, 


glauconite 
Coarse colloid... . 18.5 .5-.06, radius | Chief constituents:  sericite, 
quartz 
Minor constituent: beidellite(?) 
Fine colloid...... 8.3 .06-.03 , radius | Chief constituent: sericite 
Minor constituents: quartz, bei- 
dellite (?) 


Superfine colloid. 1.6 —.03 » radius Beidellite 
Amorphous material (?) 
Organic material 


both the anisotropic and those apparently isotropic, have indices of refraction 
between 1.540 and 1.570. These values suggest beidellite, but the optical data 
alone are too limited to be very significant. The chemical analysis is noteworthy 
because of its high silica-to-alumina ratio. Taken in connection with X-ray study 
showing an absence of quartz lines on the diffraction pattern, the analysis indi- 
cated either a mineral high in silica or the presence of amorphous silica, or both. 
The presence of isotropic particles with a low index of refraction favors the 
conclusion that amorphous silica is present, or perhaps quartz particles too fine 
to yield an X-ray pattern. The high K.O content is noteworthy in view of the 
absence of any evidence of muscovite, feldspar, or any other potash-bearing 
mineral. The large content of HxO(—) indicates the presence of a mineral rich 
in this component, such as beidellite. The difference between the values for 
loss on ignition and H,O(+) indicates abundance of organic material. The 
data for the identification of the constituents of this fraction are of limited 
value. It appears safe to conclude that beidellite is present, but the presence 
or absence of amorphous constituents cannot be definitely established. 
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DISCUSSION OF SOME RESULTS OF THE APPLICATION OF THE 
PROPOSED TECHNIQUE 


The technique here presented is designed to fractionate and identify 
the extremely fine mineral constituents of argillaceous sediments. The 
necessity of such fractionation is illustrated by the sediments just 
described. Thus, X-ray, optical, and chemical analyses were made 
of the total colloid fraction (all material smaller than one micron in 
diameter), and no indication of beidellite was obtained from either 
sediment by any of the analytical methods. In other words, without 
fractionation within the colloidal size range, it was impossible to deter- 
mine the existence and identity of all the constituent minerals. — 

The distribution of the minerals in the colloid fractions presents 
some interesting results, which analyses of numerous other materials 
suggest may be of wide application. Thus, quartz appears to exist 
in particles at least as small as .06 micron in radius. Sericite and 
kaolinite, likewise, occur in particles as fine as at least .06 micron in 
radius. Nagelschmidt ** states that he has obtained X-ray patterns 
of mica below .05 micron in diameter, but that no patterns have been 
obtained from quartz less than .6 micron in diameter, and that quartz 
finer than this is amorphous. In the present study, quartz lines have 
been obtained from material at least as small as .12 micron in diameter 
(fine colloid fractions), and, theoretically, it appears that X-ray anal- 
yses of the finest fractions should show the presence of quartz, if 
present in appreciable quantities. In fact, X-ray diffraction patterns 
of lung ash obtained in silicosis studies have yielded lines due to 
quartz, when the particles were so fine that anisotropism could not 
be detected with the polarizing microscope.** Experience with X-ray 
diffraction patterns of both clay minerals and fine quartz would lead 
one to the opinion that quartz in crystal sizes smaller than beidellite 
should yield diffraction lines. 

The data for B11S suggest the possible existence of amorphous silica 
in the superfine fraction. The tendency of the beidellite to be con- 
centrated in the finest colloid fraction is noteworthy. Also, the organic 
material of the colloid fraction is concentrated in the superfine frac- 
tion, as shown by the increased value of the difference between loss 
on ignition and H.O-+ for the superfine fraction. Although not shown 
by the analyses here presented, in many of the materials studied, there 
is a distinct concentration of Fe.O; in the fine colloid fraction. 


%G. Nagelschmidt: Réntgenographische Untersuchungen an Tonen, Zeitschr. Kryst., vol. 87 


(1984) p. 120-146. 
*®R. J. Colony: Mineralogy of silicosis, Am. Mineral., vol. 20 (1985) (in press). 
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The evidence indicates that the constituents of the colloid fractions 
exhibit their crystal structure even in the case of particle sizes less 
than .03 micron in radius. Only in the small superfine fraction of B11 
is there any suggestion of an amorphous mineral component of these 
samples. The data indicate further that these sediments are com- 
posed throughout of definite compounds rather than of a mixture of 
oxides or hydroxides such as silica and alumina. 

The uniformity of crystallographic orientation of the individual 
components of the aggregates composing the colloid fractions after 
they have been isolated and dried is striking. Particularly in the 
fine and superfine fractions, the aggregates often have the appearance 
of crystal fragments several microns in diameter. The perfection of 
the uniformity indicates that the development of these aggregates 
represents a process closely similar to crystal growth. It is this 
phenomenon which makes possible the fairly accurate measurement 
of optical values on the colloid fractions. 
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CLIFF NEAR KAHUKU, OAHU 


Showing beach limestone of the Kahuku stage, stream-laid conglomerates of 
Kahipa stage, massive reef of the Kaena stage, and lithified dunes probably 
laid down during the Waipio stage. 
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INTRODUCTION 


Oahu, comprising 598 square miles, and Maui, comprising 728 square 
miles, are two of the major islands of the Hawaiian group, about 58 
miles apart, with Molokai lying between them. Both are volcanic 
doublets. Oahu is noted for its port of Honolulu, and Maui for its 
dormant eroded crater of Haleakala. Surrounding Oahu is a narrow 
coastal plain which emerged from the sea in Pleistocene time, and 
which, in places, reaches 6 miles in width. It consists of reef lime- 
stone and terrigenous deposits. Surrounding all but the east and 
west ends of Oahu is a fringing reef. Notably different from Oahu 
is Maui, which has only a few narrow strips of coastal plain, and 
these contain no reef limestone. The absence of emerged reefs on 
Maui is, however, not surprising in view of the relative paucity of 
living reef at the present time. 

The shore lines described below were determined by the writer 
during the systematic investigation of the geology and ground-water 
resources of these islands by the United States Geological Survey, in 
financial cooperation with the Territory of Hawaii. The work on 
Oahu was begun in 1930, and that on Maui was begun in 1932 and 
is still in progress (1934). 


PREVIOUS WORK 


The extensive emerged reefs of Oahu (Fig. 1) are conclusive evi- 
dence that the shores of this island have in late geologic times emerged 
from the Pacific Ocean. James D. Dana, who visited Oahu in 1840, 
was probably the first geologist to report reef rock above sea level 
on this island. Since that time many references to raised reef and 
high stands of the sea have been published. Because different authors 
have made different estimates of the height of the seas on the basis 
of the same outcrop of reef, without obtaining accurate altitudes of 
these reefs, and because some have used inadequate data, the litera- 
ture contains references to 12, 20, 22, 25, 30, 40, 50, 60, 80, 100, 120, 
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200, and 250 feet, as heights of the stands of the seas. In the follow- 
ing pages reference is made only to the author who apparently first 
described them. 

No mention of higher shore lines on Maui is known to the writer 
except for a reference to a wave-cut bench, 2 to 5 feet above sea level.” 


EVIDENCE OF EMERGENCE 


On both Oahu and Maui only emerged consolidated beach deposits 
in situ or nips in lithified dunes were used to determine former shore 
lines. A great amount of supporting evidence is available—namely, 
wave-cut benches, marine terraces in sediments at the mouths of val- 
leys, emerged reef limestones, and marine detritus lying loose on the 
surface. The latter evidence, ordinarily conclusive, is less valuable 
in Hawaii because much beach debris was carried inland by the natives 
and because fossils are found that have weathered out of ash deposits 
which resulted from explosions subsequent to the reefs. The nips in 
the lithified dunes give very precise data regarding the former alti- 
tude of the sea, but the altitudes of the sea, as determined by the lit- 
toral deposits, involve a personal equation. As a whole, these deposits 
are well preserved, and when correlated with the heights of the marine 
terraces and interpreted on the basis of similar deposits along the 
present shores, they give determinations that are probably not usually 
more than 5 feet in error. 


EVIDENCE OF SUBMERGENCE 


Evidence of submergence is found on every hand on both. Oahu 
and Maui. The following kinds of evidence have been used: (1) 
Drowned valleys; (2) submerged buried soils; (3) submerged tree- 
molds in tuff; (4) submerged valley-fills of lava; (5) partly drowned 
lithified dunes; (6) submerged platforms or benches; (7) erosional 
unconformities determined by borings. Most of these criteria for sub- 
mergence are well known, but submerged tree-molds and valley-fills 
of lava are peculiar to volcanic islands. 


THE PROBLEM 


The problem was to unravel from the maze of data the number of 
periods of submergence and emergence and their ages relative to the 
different stands of the sea. The shore lines named and described 


1C. K. Wentworth and H. S. Palmer: Eustatic bench on islands of the North Pacific, Geol. 
Soc. Am., Bull., vol. 36 (1925) p. 539. 
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below are only those which are believed to be definitely established on 
Oahu and Maui. Scraps of evidence here and there suggest that addi- 
tional intermediate emerged shore lines will probably be established 
as systematic work proceeds from island to island, but there seems 
to be less chance of piecing together the shreds of evidence in regard 


10 MILES 


Ficure 1.—Map of Oahu 


Showing areas of emerged (in black) and fringing reefs (dotted line shows outer edge). Some 
areas of fringing reef along leeward coast too small to show. 


to submerged strands. Oahu is still a fertile field for the study of shore 
lines because of the large areas of exposed marine deposits, the drilling 
of new wells which penetrate these deposits, and the continual increase 
in the number of artificial exposures. 


LUALUALEI, OR 1200-FOOT, SUBMERGENCE 


Dana? early pointed out, from the evidence gained by well-logs, 
that Oahu had been deeply submerged. Bryan* has conclusively 
shown that the Waianae Range has been submerged by at least 1,200 
feet, because wells in Lualualei Valley failed to encounter bedrock 


2J. D. Dana: Characteristics of volcanoes (1890) p. 304. New York. 
Ww. A. Bryan: Evidence of deep subsidence of the Waianae Mountains, Oahu, Thrum’s 
Annual (1916) p. 95-125. 
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LUALUALEI, OR 1200-FOOT, SUBMERGENCE 
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Figure 2.—Profiles showing the 300- and 1,800-foot submarine shelves off Oahu 
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within that depth. Palmer‘ likewise has shown, from the contours 
of the bedrock surface beneath the coastal plain deposits of Honolulu, 
that the valleys of the Koolau Range have been submerged by at 
least 900 feet. Thus, this deep submergence of Oahu must have taken - 
place after the two domes had been built and dissected. Profile 
studies off the shores of West Maui, Lanai, Molokai, and Oahu, based 
on soundings by the United States Coast and Geodetic Survey, indi- 
cate the presence of an extensive shelf at about 1,800 feet below sea 
level (Fig. 2). If, as seems likely, this shelf represents a reef built 
to about the position of present sea level and then submerged to this 
depth, it is logical to correlate this shelf with the long standstill rep- 
resented by the valley-cutting epoch, especially because valleys simi- 
larly drowned exist on these other islands. This valley-cutting stage 
will hereafter be referred to as the Lualualei stage, after the locality 
where its greatest depth is demonstrated. This submergence is so 
great that it was probably caused by settling of the islands, perhaps 
as a result of isostatic adjustment. The age of this submergence is 
problematical and may have occurred in the Pliocene, when earth 
movements were common in other places, but the alternation of reefs 
and non-calecareous sediments shown in the well-logs (Fig. 3) suggests 
that it took place during Pleistocene time, when the ocean level was 
fluctuating. 
OLOWALU, OR 250-FOOT, STAND OF THE SEA 
EVIDENCE ON MAUI 


The highest unquestionably marine deposits in the Hawaiian Islands, 
so far discovered, were found by the writer in Target Range Gulch, 
near Olowalu, West Maui. Well-cemented marine fossiliferous beach 
conglomerate is exposed in this dry gulch up to 240 feet above mean 
sea level, as determined by a Wye level. This particular exposure 
is in the bottom of a 6-foot gully and is overlain by talus from a 
trachyte cliff which forms a box head to the gulch, about 75 feet inland 
from the conglomerate. Similar fossiliferous marine conglomerate is 
exposed in the gully due south of Launiupoko Peak, at an altitude of 
250 feet, as determined by a barometer. The preservation of these 
conglomerates in this area is due to the fact that they lie in a dry 
area not crossed by streams draining the high mountains behind. 
Alluvial deposits apparently correlative with this high stand of the 
sea occur in all the large canyons on West Maui, and all evidence 
points to it being the oldest high shore line of the series. 


4H. 8S. Palmer: The geology of the Honolulu artesian system, Suppl. to the 1927 report of 
the Honolulu Sewer and Water Commission, p. 34. 
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EVIDENCE ON OAHU 


In 1932, when the new highway was excavated in the arid eastern- 
most valley on Oahu, numerous blocks of fossiliferous beach lime- 
stone were uncovered at about 100 feet altitude, and others were found 
scattered among the talus to about 200 feet altitude. One block was 
estimated to weigh about 500 pounds, and many weigh more than 
100 pounds. Although none could be found in situ because of the 
heavy talus cover, it seems likely that these blocks were shed from 
a former beach not far from the level of the Olowalu shore line. The 
thick alluvial fills in the dry valleys of Keaau and Makua on the 
western end of Oahu appear to be graded to a sea approximately 
the height of the Olowalu stand. Black muds,> apparently marine, 
in Lualualei Valley, Oahu, are reported by Powers, who believes that 
they indicate a stand of the sea at least 150 feet above the present 
level. It is not surprising that the evidence of the Olowalu stand of 
the sea is fragmentary, when the amount of erosion which is known 
to have followed is considered. Further evidence may yet be found 
on some of the more arid islands of the Hawaiian group. 


KAHUKU, OR 55-FOOT, STAND OF THE SEA 
EVIDENCE ON OAHU 


The following section (P!. 178) is exposed in a bluff, 114 miles north- 
west of Kahuku, Oahu, 600 feet south of the point where the highway 
rounds the northernmost point of Oahu. The altitudes were deter- 


mined by a Wye level. Thickness Altitude of top 
(feet) (feet) 


1, Cross-bedded lithified calcareous dune rock 

pitted by weathering (Waipio dunes)........ 11 91.0 
2. Massive reef limestone (Kaena reef)........... 20.5 80.5 
3. Erosional unconformity, in one place a lens of 

dirty friable stream-laid boulder conglomerate 

containing angular blocks torn from the under- 

lying beach and boulders of Koolau basalt, 

4 feet in diameter (Kahipa gravels).......... variable 65 
4. Lithified fossiliferous calcareous beach sediments 

showing usual cross-bedding (Kahuku beach 


5. Reef limestone with bottom unexposed (Kahuku 


5H. A. Powers: Unpublished report. Information relating to ground-water supplies gained 
by test borings at the proposed U. S. Navy radio station in Lualualei Valley, Oahu (June 1, 1934). 
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It is assumed that the middle part of the beach sediments was ap- 
proximately at mean sea level when the basal reef was laid down, 
or approximately 55 feet above present sea level. It is believed that 
this stand, named Kahuku from the adjacent village, was a temporary 
halt in the recession of the sea from the Olowalu stage. No evidence 
of the Kahuku stage was found on Maui. 


KAHIPA, OR MINUS 300-FOOT, STAND OF THE SEA 
EVIDENCE ON OAHU 


The angular blocks of lithified beach sediments in the conglom- 
erate overlying the Kahuku beach deposit indicate that these sands 
hardened before the stream eroded them. It would have been possible 
for this beach to have lithified and the stream to have cut the beach 
rock without a change in sea level. However, there is a fine inter- 
stitial silt in the conglomerate, which would have been washed away 
by waves breaking on this beach if the sea had not been lower when 
the conglomerate was laid down. Farther north in the same cliff, sev- 
eral inches of soil and decomposed limestone separate the 55-foot 
beach limestone from the overlying reef, which further indicates that 
the sea stood lower after the Kahuku stage. This low stand is called 
the Kahipa stage, after the Hawaiian name for this locality. 

The top of the reef overlying the conglomerate and beach in this 
cliff near Kahuku is 80.6 feet above sea level, necessitating a rise in 
sea level somewhat greater than this amount, after the Kahipa stage. 
This reef was apparently laid down in the Kaena 95-foot sea described 
below. Since this low stand of the sea preceded the Kaena stage, 
the approximate depth to which the sea receded can be determined 
from well-borings which penetrated the unconformity at the base 
of the Kaena reef. Between the massive Kaena reef (Fig. 3) and 
an older underlying reef are gravels, sands, silt, and muds, which 
indicate emergence and rejuvenation of Oahu’s streams. These sedi- 
ments slope gently seaward to 230 feet below mean sea level. Unfor- 
tunately, wells do not occur far enough seaward to indicate the maxi- 
mum lowering of the sea during Kahipa time, but they do fix 230 
feet as a minimum value. 

A remarkably level and extensive submarine shelf, 300 to 360 feet 
below sea level, surrounds Oahu, Maui, and other islands of the 
group, as shown by the United States Coast and Geodetic charts. The 
profile in Figure 2 illustrates the great width of this bench off Kaena 
Point. Although it cannot be positively shown that this bench was 
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LOGS OF WELLS SHOWING THE CHARACTER OF THE CAPROCK OF THE ARTESIAN SYSTEM, OAHU. 
(PART AQUIFER OF BASALT OMITTED) 
HA.POWERS 1934 


Ficure 3.—Majority of well-logs of Oahu, plotted graphically 
Showing the alternation of reef with non-calcareous sediments, which indicates generally alternate periods of emergence and submer- 
gence. The nearly continuous reef down to about 300 feet in depth is correlated with the 95-foot stand of the sea. 
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formed concurrently with the Kahipa low stand of the sea, its rela- 
tionship is certainly suggestive that the Kahipa shore was about 300 
feet below present sea level. 


KAENA, OR 95-FOOT, STAND OF THE SEA 
EVIDENCE ON OAHU 


The reef overlying the Kahipa gravels in the bluff near Kahuku, 
with its top 80.5 feet above present sea level, requires an advance 
of the sea to at least this height, after the Kahipa low stand. There 
is abundant evidence on Oahu and on Maui that this sea reached a 
height of about 95 feet. 

Bryan * described calcareous beach conglomerate along the Kaena 
trail between Makua and Kaena Point, and estimated it to be between 
60 and 80 feet above sea level. For several hundred feet along this 
trail, 114 miles southeast of Kaena Point, excellent exposures of 
coarse lithified calcareous beach sand containing well-rounded lava 
boulders up to 3 feet in diameter occur. By means of a Brunton 
compass its top was found to be approximately 87 feet above esti- 
mated mean sea level. At Kaena Point there are several ledges of 
marine fossiliferous conglomerate projecting through the talus. The 
highest point of these deposits is directly above Kaena railroad sta- 
tion. This outcrop, as determined by a Wye level, is 89 feet above 
mean sea level. It consists of a lava boulder beach, cemented by cal- 
careous sand containing coral pebbles and fossils. A heavy talus 
mantles the upper edge, but a 4-inch coral cobble was found in the 
talus at 100 feet. This deposit was evidently laid down in a sea 
90 to 100 feet higher than at present. This stand of the sea is named 
the Kaena stage, from this locality. 

On the south side of Puu Mailiilii, near Widias and directly above 
the junction of the government road with the road to Mikilua Camp, 
occurs a conspicuous white terrace of fossiliferous limestone, 100 yards 
wide and 130 yards long, at an altitude of nearly 90 feet. Back of 
the terrace is what appears to be a marine cliff from which a little 
talus has fallen. The highest outcrop of reef limestone, as determined 
by a Wye level, is 88 feet above sea level, and the highest outcrop of 
fossiliferous beach limestone is 97 feet above sea level. About half 
of the latter outcrop is made up of lava cobbles reaching one foot in 
diameter. It is cemented to the base of what seems to be a 10-foot 
marine cliff about 250 feet east of the upper end of the fence on the 


¢W. A. Bryan: op. cit., p. 121. 
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seaward side of Puu Mailiilii. This deposit definitely establishes a 
stand of the sea about 95 feet higher than the present. 

It is evident that this terrace is an emerged fringing reef that grew 
in a sea at least 88 feet above the present. The ten feet of beach 
conglomerate above this reef is more or less continuous for a quarter 
of a mile to the east, on the side of this hill, and indicates a sea 
level about 95 feet above the present. Hitchcock’ was apparently 
the first to call attention to this locality. Later, Bryan ® estimated 
its height to be about 120 feet, which led him to believe there had 
been a 120-foot stand of the sea. ; 

Ostergaard ° discovered an exposure of fossiliferous limestone on the 
north side of Pali Kilo, a quarter of a mile south of Pyramid Rock 
on Mokapu Peninsula. He estimated it to be 100 feet above sea level, 
but the altitude as shown on the Mokapu Quadrangle is only 70 feet 
above sea level. The original marine deposit has been greatly altered 
by subaerial weathering since its emergence, with the result that it 
is filled with calcite veins, and fossils are found with difficulty. How- 
ever, careful search showed pieces of coral, 6 inches across, echinoid 
shells and spines, casts of snails and clams, and a well-preserved 
Conus, present in the top of the deposit. In one place near the 
contact of the limestone and the basalt a lens of coral pebble con- 
glomerate, about a foot thick, occurs at 42 feet by hand level above 
estimated mean sea level. This deposit is an integral part of the 
limestone; hence, it is probably submarine gravel rather than a lit- 
toral deposit. 

A 5-foot cliff, resembling a faint nip, occurs near the top of the 
hill which, according to the map, is 65 feet above sea level, or approx- 
imately that of the Laie or 70-foot strand. The texture of the original 
calcareous material making up the top of the deposit could not be 
definitely ascertained because of secondary alteration. The deposit 
is not too high to have been laid down during the Laie sea, but with 
characteristic littoral deposits absent and a distinct wave-cut terrace 
on the adjacent Puu Hawaiiloa at about the 100-foot level, this lime- 
stone is tentatively correlated with the Kaena sea. 

Figure 4 shows that the most extensive alluvial deposits on Oahu 
are graded to the Kaena strand. Because of this fact and because 
no stand of the sea subsequent to it has persisted long enough for 


7C. H. Hitchcock: Geology of Oahu, Geol. Soc. Am., Bull., vol. 11 (1900) p. 30. 


8W. A. Bryan: op. cit., p. 119. 
® J. M. Ostergaard: Fossil marine mollusks of Oahu, B. P. Bishop Mus., Bull. 51 (1928) p. 19. 
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the streams to rework these fans to a lower level, it is evident that 
the Kaena sea existed a long time, and perhaps longer than all 
later ones combined. The concordance of these terraces is fairly con- 
clusive evidence that Oahu has not been tilted since this stand of 
the sea. The extensive fans and non-caleareous marine sediments 
laid down during the Kaena sea make up a large part of the cap- 
rock of the artesian basins above sea level. During this stand of 
the sea, sever: post-Koolau eruptions occurred, and their tuffs and 
flows are 1ound intercalated with, or overlain by, deposits of the 
Kaena sea. 
EVIDENCE ON MAUI 

Extensive gravel fans, graded to the Kaena sea, occur at the 
mouths of many of the streams on Maui; as, for example, in Kea- 
nae and Kaupo valleys on Haleakala, and in Iao Valley on West 
Maui. 

LAIE, OR 70-FOOT, STAND OF THE SEA 


EVIDENCE ON OAHU 


About 1,000 feet southwest of the Mormon Temple at Laie (Fig. 1) 
is a hill of marine limestone capped by lithified dunes. Wye levels 
show that the contact of this lithified dune sand on the underlying 
lithified pebbly fossiliferous beach sand is 71 feet above sea level. 
About 50 feet west of this outcrop, beach limestone reaches a height 
of 76 feet. About 50 feet of reef limestone is exposed below, and east 
of, these beach sediments. Since some of these shore deposits were 
doubtless several feet above sea level, mean sea level of that period 
was probably 70 feet above the present. The Laie stand of the sea 
is named from this locality. 

Reef rock, overlain by lithified coarse beach sand containing peb- 
bles of lava 3 inches across, crops out half a mile west of Kahuku 
at an altitude of 65 feet, according to the topographic map. This 
reef is referred to the Laie sea. 

At Ewa Plantation reservoir No. 10, three-quarters of a mile north- 
west of Gilbert, on the southeast slope of the Waianae Range, lithified 
fossiliferous bedded sand is exposed with its top 67 feet above sea 
level, as determined by a Wye level. An indeterminate amount of 
sand has been eroded away, but it is probable that this deposit was 
laid down near the shore of a 70-foot sea. At Kahe Point, which 
is between reservoir No. 10 and Nanakuli Valley, a fossiliferous 
marine beach conglomerate clings to a lava bluff. A Wye level shows 
its highest point to be 75 feet above sea level; hence, it was probably 
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laid down by the Laie sea. This locality was discovered by W. D. 
Alexander many years ago, while land surveying. 

A practically continuous reef, 4 miles long and half a mile wide, 
extends across the mouth of Lualualei Valley and is now quarried 
for lime near Waianae. Bryan’ thought that this reef was laid down 
by an 80-foot sea, but a Wye level line to the highest exposed shore 
deposits at the inland edge of this reef gives a height of only 72 feet; 
hence, it is correlated with the Laie sea. Poor estimates of the height 
of this particular reef have led various writers to postulate 40-, 50-, 
and 60-foot seas. It is evident that much of the confusion about high 
stands of the seas on Oahu is due to different estimates of the height 
of one and the same reef. 

The poor development of terraces in the non-calcareous sediments 
at the mouths of Oahu streams (Fig. 4) points to the Laie stand as 
being only a temporary halt in the recession of the sea to lower levels. 
Consequently, the extensive reef in Lualualei Valley, with its top 65 
feet above sea level, may have accumulated largely during the Kaena 
stand of the sea, and simply failed to grow to the ocean surface during 
that epoch. Then, during the subsequent Laie stage, this reef would 
have been practically at sea level, and any higher portions would have 
been planed off, so that it now looks as though it were entirely the 
product of the Laie sea. The extensive high reefs on the Ewa coral 
plain may have had a similar history. 

The reef in Lualualei Valley has been incised by streams so that 
it now forms distinct terraces along them. Behind the reef are ex- 
tensive deposits of older alluvium, graded to the Laie sea (Fig. 4, 
profile 14) and forming siream terraces. The seaward front of the 
reef terminates in most places in a steep bluff with its base about 
25 feet above sea level. This escarpment was cut by waves of a 
sea about 25 feet higher than the present, because beach deposits 
lie at the base of the cliff. Thus, the 70-foot sea is older than the 
25-foot sea. 

EVIDENCE ON MAUI 

On Maui, as on Oahu, the alluvial deposits show little evidence of 
the Laie sea, but a wide bench occurs on the southwest side of Launiu- 
poko Hill near Olowalu. The bench terminates in a distinct nip, 
70 feet above sea level, cut in trachyte, and fossiliferous limestone 
conglomerate crops out a few feet away from the nip at an altitude 
of 69 feet. There can be no doubt that the Laie sea at one time 
immersed the shores of Maui as well as of Oahu. 


1 W. A. Bryan: op. cit., p. 121. 
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WAIALAE, OR 40-FOOT, STAND OF THE SEA (?) 
EVIDENCE ON OAHU 

Wentworth ™ calls attention to the extensive gravel terrace under 
Fort Shafter as being evidence of a stand of the sea about 40 feet 
higher than the present. He attributes the cliffs cut at the ends of 
the Koolau spurs between Pearl Harbor and Makapuu Point also 
to this 40-foot sea, which he calls the Waialae stage. He gives no 
precise data for determining the height of the sea except that a marine 
bench, averaging 25 to 30 feet above sea level, has been cut into 
Diamond Head,” which he assigns to the work of a 40-foot sea. The 
writer has been unable to correlate all the data that Wentworth pre- 
sents with any one stand of the sea. Because the Waialae cliffs rise 
directly from present sea level and well-logs indicate they pass beneath 
sea level, they do not establish a 40-foot sea. The benches on Dia- 
mond Head were evidently cut by the Waimanalo, or 25-foot, sea, 
because, as Wentworth states, they average 25 to 30 feet, or the same 
altitude as the nip in the adjacent lithified dunes, which were, without 
doubt, cut by the Waimanalo sea. 

So many terraces occur at about the 40-foot level in the profiles in 
Figure 4 as to strongly suggest that a 40-foot stand of the sea may 
have occurred, subsequent to the Laie stage, at the level postulated 
by Wentworth for the Fort Shafter gravels. Loose marine shells and 
other debris occur up to about 45 feet above sea level on a knoll 
near the entrance to the Lanikai golf course, and they may indicate 
the Waialae shore line. However, no marine littoral deposits were 
found that could be unquestionably correlated with a sea at this level; 
hence, this stand of the sea is left an open question until further 
evidence is presented. Perhaps the halt at this level in the recession 
of the sea from the 70-foot strand was so short that only the soft 
sediments were affected. 

No trace of the Waialae stand has been found on Maui. Marine 
fossils were found approximately 40 fect above sea level, in a hole 
drilled 1,800 feet west of well 7 of the Hawaiian Commercial and 
Sugar Company, near Puunene, on the isthmus connecting Haleakala 
and West Maui. These may belong to the Waialae stand or to some 
higher sea. 

WAIPIO, OR MINUS 60-FOOT, STAND OF THE SEA 
EVIDENCE ON OAHU 

At a tuff locality near the south end of Waipio Peninsula in the 

Pearl Harbor area, 4 feet of laminated Salt Lake tuff, full of molds 


uC, K. Wentworth and H. S. Palmer: Pyroclastic geology of Oahu, B. P. Bishop Mus., 
Bull. 30 (1926) p. 66, 119. 
12 Ibid., p. 44. 
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of stems and branches of small trees, can be seen resting on 4 inches 
to a foot of red brown soil underlying reef limestone. The soil con- 
tains numerous fragments of partly rotted limestone, showing that 
subaerial weathering of limestone occurred prior to the deposition 
of the tuff. This soil horizon and overlying tuff containing upright 
tree molds passes beneath sea level, 100 feet south. The tree casts 
in the tuff indicate that the tuff was deposited subaerially upon the 
soil. Where it passes beneath sea level this tuff is overlain by 6 feet 
of emerged reef; hence, the sea must have stood lower than at present 
at the time the tuff was deposited and then higher at a later date. 
According to Pollock,’* tree molds were found in similar tuff below 
sea level at the Pearl Harbor Navy Yard, in the course of excava- 
tions for a pipe line. 

Laie Point and several islands off the coast of Laie, as well as 
Kekepa and Kapapa islands in Kaneohe Bay, consist of lithified dunes 
which extend below sea level. On the west end of Laie Point, quarry 
operations have exposed reef limestone overlain by several inches of 
soil which, in turn, is overlain by the lithified dune rock forming Laie 
Point. At this place the soil can be seen dipping beneath sea level in 
the side of a limestone sink hole and also on the north side of the 
adjacent dune. Thus, soil-covered reef limestone can be found on 
both sides of Oahu below sea level. This evidence, together with that 
of numerous drowned dunes along the windward coast and drowned 
tree molds in tuff at Pearl Harbor, gives ample proof that the ocean 
level now stands higher than it did formerly, and that these features 
are not due to local subsidence. 

The Salt Lake tuff, with its submerged tree molds, is cliffed in many 
places by the 25-foot sea, and is overlain by reef of the same sea. The 
‘eef underlying this tuff has been traced into non-calcareous sediments 
forming a marine terrace 100 feet above sea level. Thus, this low 
stand, called the Waipio after the localities on Waipio Peninsula, 
took place prior to the 25-foot stand and after the 95-foot stand. 
Because the lithified dunes formed during this stage are not cliffed 
by any sea higher than the 25-foot sea, the Waipio low must post-date 
the Laie and Waialae (?) stands. 

Detailed soundings show that the coral colonies of Kaneohe Bay 
rise abruptly from a platform about 45 feet below present sea level. 
Kekepa Island, a lithified dune of Waipio age, rises from the same 
platform; hence, the Waipio low must have been at least this amount. 


18 J, B. Pollock: The origin of Pearl Harbor, Island of Oahu, Papers of the Mich. Acad. Sci., 
Arts and Letters, 1928, vol. 10 (1929) p. 235. 
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The partly submerged lithified dunes near Laie Point rest on a gently 
sloping platform, 25 to 35 feet beneath sea level. As they were dunes 
along the shore of the Waipio sea, they indicate mean sea level was 
lower than 35 feet. The bottoms of the drowned valleys forming the 
Pearl Harbor Lochs were graded to a sea at least 60 feet lower than 
the present, based on soundings with allowance for subsequent sedi- 
mentation. The extensive platform surrounding Oahu, about 10 
fathoms below sea level, also points to a stand about 60 feet lower 
than at present (Fig. 5). In the light of this evidence the Waipio 
shore appears to have been about 60 feet lower than the present. 


SEA 
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Ficure 5.—Profiles of the ocean floor 


Seaward from the lithothamnium ridge near Barbers Point (1 to 5), near Honolulu (6 and 7) 
and of the reefless ocean floor southeast of Kaena Point (8 to 11), Oahu. 


The recognition of the Waipio negative stand is significant in the 
interpretation of the geologic history of Oahu. It has an economic 
value in that highway engineers will encounter bedrock foundation 
for bridges in places much deeper than would otherwise be expected. 
This fall in sea level lowered the base level of all streams, with the 
result that considerable erosion of the caprock of the artesian basins 
occurred, and some of the leaks in the artesian basins can be corre- 
lated with this erosion cycle. 

The soil formed during the Waipio stage is thicker than the soil 
which has formed on the reef rock of the 25-foot sea since its emer- 
gence. The valleys cut in the coastal sediments in Waipio time are 
larger than those cut since. Consequently, the duration of the Waipio 
stage seems to have been longer than post-Waipio time. 


PERIOD OF DUNE FORMATION 


The lithified dunes belonging to the Waipio stage are larger and 
more extensive than the sand dunes along the present shore, and they 
were blown farther inland. They extend several hundred feet above 
present sea level near Kahuku, Oahu, and near Wailuku, Maui, and 
are present on shores where no sand dunes now occur. A recession of 
the sea would leave the coral reefs high and dry and leave extensive 
flats covered with sand. As such a condition is ideal for the accumu- 
lation of sand dunes, it is unnecessary to postulate higher winds during 
Waipio time. It is more than likely that some of the dunes high 
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above sea level are older than Waipio time, because there was prob- 
ably a continuous period of dune accumulation, beginning with the 
recession of the sea at the end of Kaena time. 

Daly suggests that the winds may have been dominantly westerly 
during the glacial epochs, in which case these winds should have pre- 
vailed during Waipio time. The high lithified dunes near Diamond 
Head, Oahu, may mean that Kona winds blew more strongly at that 
period than now, but the dunes on the windward coasts are oriented 
the same as the present dunes, and are even more extensive than 
those on the leeward coast. Therefore, so far as the dunes formed 
above present sea level indicate, trade winds must have blown more 
often than southwesterly winds during the Waipio stage. 


EVIDENCE ON MAUI 


Numerous lava flows from Haleakala Crater discharged into the 
sea from Keanae Valley during Waipio time, as shown by the “fossil”’ 
or lava-filled valleys cut below present sea level in the gravels left 
in this valley during the 95-foot sea. 

On the isthmus, or neck of land, connecting Haleakala with West 
Maui, extensive high lithified dunes occur, which are definitely cliffed 
by a sea about 25 feet higher than the present, and some of which 
extend below present sea level. As on Oahu, these dunes are higher 
and more extensive on the windward coast than on the leeward coast, 
indicating that the winds blew from the same direction as at present. 


WAIMANALO, OR 25-FOOT, STAND OF THE SEA 
EVIDENCE ON OAHU 


Previous work.—Dana recognized in 1840 that the sea had stood 
about 25 feet higher than at present. Traces of this sea are so abun- 
dant that nearly every geologist subsequent to Dana has called atten- 
tion to it, but Pollock ** was the first to give definite evidence of the 
height of its shore line. He concluded from observations of calcareous 
deposits in the Pearl Harbor Navy Yard that mean sea level was 17 
to 20 feet above present sea level. The writer has raised this level 
slightly, on the basis of certain well-defined nips, described below. 


Type locality —A distinct scarp cut by waves in the older alluvium, 
with its base about 25 feet above sea level, extends from the shore 
opposite Manana Island to the lithified dunes southeast of Waimanalo, 
and is also present on the lithified dunes (Pl. 179, fig. 1). In addi- 
tion, two regular, incised, parallel nips, one above the other, notch 


14 J. B. Pollock: The amount of the geologically recent negative shift of strand line on Oahu, 
Wash. Acad. Sci., Jour., vol. 18 (1928) p. 53-59. 
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Ficure 1. Type Locatity OF THE WAIMANALO (25-FOOT) SEA 
The low cliff on the lithified dune in the foreground is notched by two nips, 22 and 27 feet above 
sea level. Photograph by Lt. Don Zimmerman, United States Army Air corps, Luke Field, Terri- 
tory of Hawaii. 


Ficure 2. LrTroRAL MARINE DEPOSITS RESTING UNCONFORMABLY UPON MARINE SILTS 
Waikele Peninsula, Oahu 


LITHIFIED DUNE AND LITTORAL MARINE DEPOSITS 
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Ficure 1. 


CLOSE-UP VIEW OF NIPS BEVELLED ACROSS BEDDING 


FiGure 2. PARALLEL NIPS, 22 AND 27 FEET ABOVE SEA LEVEL 
Cut during the Waimanalo stage. Note the sea caves. 


NIPS IN LITHIFIED DUNES NEAR KAILUA, OAHU 
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the scarp for several thousand feet. Levels indicate that the inner- 
most part of the lower nip averages a few tenths over 22 feet, and 
that the upper nip is approximately 27 feet above sea level. The upper 
nip is much better developed and is usually cut somewhat deeper 
than the lower nip, but both nips are exceptionally well preserved. 
Percolating water has developed a few stalactites and stalagmites 
and pitted the nip platforms but has not materially altered their 
form. The nip platforms are flat, and when compared with present 
nips indicate mean sea levels not more than a foot lower than the 
figures given above. The nips indent the cliff 2 to 5 feet and vary 
from 3 to 5 feet in height. In numerous places, as shown in Plate 180, 
figure 1, they bevel the bedding of lithified dunes, a fact which indicates 
that they are not structural features intensified by solution. The nips 
face the ocean, and at the time of their formation were probably 
protected by fringing reef, like the present shore, because much of 
the adjacent present reef appears to be bevelled older reef limestone. 
Such regular nips occur along the present shores only where pretected 
by reefs or in quiet bays like Pearl Harbor. 


Nips at Kailwa.—Two nips similar to the ones cut in the Waimanalo 
dunes occur 5 miles to the northwest, in the lithified dunes three- 
quarters of a mile southwest of Kailua (PI. 180, fig. 2). Levels show 
that the lower and upper nips at this locality average the same as 
those near Waimanalo. As shown in Plate 180, figure 2, several sea 
caves occur beneath the lower nip, and at the foot of the cliff in one 
place a small patch of fossiliferous reef limestone is clinging to the 
dune rock, 14 feet above present mean sea level. A little farther 
rorth the steep dune bedding is truncated by the nips (PI. 180, fig. 1). 
Extending from the base of these dunes to the adjacent shore is a 
sandy flat, half a mile wide, composed of loose caicareous sand. Shal- 
low excavations in this plain reveal that the upper few feet consist 
of wind-drifted sand underlain by beach sand containing a few coral 
pebbles and shells. It is a part of the large barrier beach which blocks 
Maunawili and Kahanaiki streams. When viewed from the air, this 
deposit shows a series of narrow crescentic beach ridges parallel to 
the present coast line. The crests of the ridges average about 8 feet 
above sea level and are no higher than the present outer beach ridge; 
hence, there is no reason to believe that the whole barrier beach has 
not been made by the present sea. 

Since the unconsolidated sand at the base of this nipped cliff (PI. 
180, fig. 2) was, in all likelihood, deposited by the present sea, then 
the foot of this cliff must have been washed by the present sea. But 
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since the floors of the sea caves at the base of this cliff are from 10 
to 14 feet above sea level, and their tops about 18 feet above, it seems 
unlikely that they were cut by the present sea, especially when it is 
considered that this cove would have been naturally sheltered from 
storm waves. Furthermore, the lithified dunes originally extended 
seaward several hundred feet before the cliff was cut. The present 
sea could not have made the cliff without destroying the nips. It is 
certain, therefore, that the cliff is older than the present sea, and it 
is believed that the sea caves also are older. 


Relative ages of cliff, caves, and nips—The most plausible explana- 
tion of the origin of these features is that the sea, slowly encroaching 
upon the land, cliffed these dunes, and finally reached equilibrium at 
the level recorded by the 27-foot nip. Then it dropped 5 feet, and 
remained stationary at this level long enough to cut the 22-foot nip, 
but not long enough to destroy the 27-foot nip. It then receded to 
present level. The coral at 14 feet and the sea caves could have 
formed at any time during the rise and fall, but cliffing action must 
have been negligible after the nips were made, or else they would 
have been destroyed. No evidence is available to indicate whether 
the sea formed the 22-foot nip or the 27-foot nip first. 

There are at least three other possible explanations of the cliff and 
caves: (1) They both could have been made by the sea at a level 
recorded by one of the nips; (2) the caves could have been made by 
a sea about 12 feet higher than the present, and the nips made later 
by higher seas; or (3) the caves could have been made by a stand of 
the sea later than either the cliff or the nips. If made by a sea 
recorded by one of the nips, then the cliff, nip, and sea caves must have 
receded together. This raises the question of whether the sea can 
at one stage cut back the cliff, make sea caves in limestone beneath 
sea level, and cut a nip at least 12 feet above the level of planation. 
In many places along the shore of Oahu, a marine platform exists 
at various depths down to about 20 feet below sea level. Behind 
this is a vertical cliff which rises to approximately sea level, and in 
it there is either a nip or a bench cut at a little above mean sea level. 
This feature has already been described elsewhere.*® 

The question to be decided is whether the marine cliff fronted by 
a bench covered with 15 to 20 feet of water in the present sea is the 
product of present ocean work or of some former lower stand. If it 
has been made by the present sea then one of the nips and the cliff 


%H. T. Stearns: Shore benches on Oahu, Hawaii, Geol. Soc. Am., Bull., vol. 46 (1935) 
p. 1467-1482. 
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in the Kailua dunes may have been made simultaneously by the same 
sea. In several places in the limestone along the present shore, sea 
caves occur below sea level. If, like the cliff, they are made by the 
present sea, then all the erosion features shown in Plate 180, figure 2, 
could have been made by the same sea, except probably one of the 
nips. The reef rock ledge at 10 to 14 feet altitude could also be a 
product of the same sea that cut the cliff, made the sea caves, and 
one of the nips. This explanation is tenable unless it is demonstrated 
that the present sea is not now making all these features concurrently. 

The second possibility, that the cliff and the caves were made, before 
the nips were cut, by a sea about 12 feet higher than the present, has 
the advantage that it sticks to the orthodox view of having littoral 
waves do their planation at about mean sea level. This theory raises 
the question as to why, if the sea made such regular nips at higher 
levels, it did not make a similar nip at about 12 feet also, instead of 
making just a few caves. 

The third possibility, that the caves were made by a stand of the 
sea later than the formation of the cliff, has one distinct advantage. 
It would call for a 12-foot halt later than the nips, which would accord 
with the level postulated by Wentworth and Palmer for the eustatic 
bench at Hanauma Bay. However, if the caves were made by a 12- 
foot sea then it seems strange that a nip was not made in the cliff 
instead of just a few caves. Just left of the caves shown in Plate 180, 
figure 2, the cliff shows no signs of a 12-foot sea. This theory requires 
also that other shore features, indicating a corresponding level, should 
be found on Oahu. Although benches somewhat lower than this level 
have been found, beach deposits of a 12-foot sea were not. 

Some of the difficulties in interpreting the work of the sea have been 
brought out in the above discussion. Based on a study of photographs 
and the topographic map and on the assumption that these nips are 
marine, Douglas Johnson has given the following opinion: 

I do not think, again judging from the small photo, that the sea which caused 
the 22-foot nip could have cut back the hill and formed the cliff. I believe the 
cliff must first have been produced by a lower stand of the sea, and the nips 
have later been cut in the face of that cliff. I feel very confident that the 
caves at and above the 10-foot level could not have been cut while the sea stood 
at the 22-foot level. It would be easier to conceive of these caves as having 
formed at present sea level, since waves will, on a shelving shore, and especially 
in a re-entrant of the shore, cut caves with floors some distance above sea level. 


Whether or not this is conceivable for the location in question, I could not judge 
without being on the ground. They might have been cut at a sea level nearer 


10 feet.16 


16 Letter dated August 20, 1932. Professor Johnson does not necessarily accept the marine 
origin of the nips. 
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Explanation of double nips——The next problem is to interpret the 
two nips. They must record either two levels of the sea, or one level 
in which the upper is a storm-wave nip and the lower one a quiet- 
water nip. Two parallel nips like these have not been observed any- 
where else along the present shores of limestone coast, which is reason 
for believing them the product of two stands of the sea. Only a few 
lithified dunes form the present shore, and these occur near Laie at 
one of the most exposed parts of the coast. A deep nip is cut at sea 
level in them, but no nip at a higher level. 

A terrace cut in the limestone of the 95-foot sea occurs on the south 
side of Puu Mailiilii. This terrace terminates at a level of about 
22 feet at the foot of a cliff about 8 feet high. A wave-cut bench, 
about 5 feet wide, lies above the cliff, and at its inner edge are some 
caves. The inland edge of this bench is about 31 feet above estimated 
mean sea level. Since this coast line is more exposed to heavy seas 
than is the Kailua re-entrant, the bench at 31 feet might easily have 
been made by the 27-foot sea recorded at Kailua, and the lower plat- 
form by the 22-foot sea. However, the fact that this 31-foot bench 
occupies a position in relation to the 22-foot platform similar to 
that of the upper bench along the present coast to the lower sea 
level bench raises the question of whether the 31-foot bench at this 
place is not simply a storm bench of a 22-foot sea. 

A large nip is preserved in the lithified dunes on the east side of 
Diamond Head. Cut in the dunes is an irregular seaward-sloping 
bench, 10 to 15 feet across, averaging 31 feet in altitude at its inner 
edge. It lies at the base of a cliff filled with great sea caves. The 
large size of the sea caves and the irregularity and great width of 
the platform indicate that this dune has been exposed to a considerably 
rougher sea than the one that cut such symmetrical and even nips in 
the Kailua lithified dunes. These features may well have been cut 
by a 27-foot sea, since there is a shelving platform where waves could 
work above sea level. In the Pearl Harbor re-entrant both Pollock 
and the writer failed to find shore deposits belonging to a 27-foot sea, 
but very precise work would have to be carried on before one could 
be sure they did not exist there. Thus, there is evidence both for 
and against a 27-foot sea. There is so little difference between the 
22-foot and the 27-foot levels that the problem is very complicated. 
The writer at present favors the interpretation that the nips record 
two stands of the sea and that one was probably short lived, for 
otherwise the sea making one nip would have destroyed the other. 
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Evidence at Pearl Harbor—Pollock ‘* reports that the highest cal- 
careous beach deposits which were exposed in trenches in a sheltered 
part of Pearl Harbor are 25 feet above mean sea level. The present 
harbor is well protected from storm waves, and beach deposits are 
seldom found over 3 to 4 feet above present sea level in the coves. 
Since the configuration of the harbor during the 22-foot sea was nearly 
the same as that of today, storm waves probably did not enter its 
protected lochs at that time much more than at present. Therefore, 
the deposits observed by Pollock seem to indicate a 22-foot sea similar 
to that recorded by the 22-foot nip in the Kailua dunes. 

In the excellent exposure shown in Plate 179, figure 2, in the bluff 
on the west side of Waikele Peninsula, half a mile south of Waipahu 
railroad station, the following geologic section is exposed. 


Geologic section half a mile south of Waipahu Railroad Station 


Altitude of base of 
Thickness layer (feet above 
Formation (feet) mean sea level) 
Friable brown clayey silt, containing gravel and 
fossil shells at the bottom..................... 4.0+ 26.07 
Friable limestone, consisting of sand grains and a 
few fossil shells and containing numerous root 
Hard brownish black carbonaceous layer, containing 
a few calcareous sand grains................... 0.4 23.17 
Compact limestone in a single massive bed, contain- 
ing fossil shells, pebbles, and numerous well- 
rounded calcareous sand grains arranged in crude 
Brown clayey silt without apparent bedding....... 0.3 by ga 
Bed of shells... 1.2 15.97 


EROSIONAL UNCONFORMITY 

Brown soil filled with root casts of limonite........ 0.5 15.47 
Brown clayey marine silt of uniform texture and 
without apparent bedding. (One clam cast found 


Poorly exposed but apparently same material as 


The carbonaceous layer at 23 feet probably was deposited in a 
swamp practically at the level of the sea of that time, similar to the 
swamps surrounding the present Pearl Harbor. The 21 feet of marine 


7J. B. Pollock: Fringing and fossil coral reefs of Oahu, B. P. Bishop Mus., Bull. 55 
(1928) p. 35-36. 
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sediments above are beach deposits similar to the present day beach 
deposits and indicate a sea about 22 feet above the present. 


Evidence in Lualualet Valley—Along the newly laid railroad to 
the United States Navy ammunition depot in Lualualei Valley, 1,800 
feet from the main highway, a fresh cut has been made through lithi- 
fied beach deposits of the Waimanalo sea. The top of the beach is 
approximately 30 feet above sea level. Beach deposits along this 
coast should be higher than those in Pearl Harbor, judging by the 
height of the deposits along the present coast. This shore line is con- 
spicuous because nearby is a cliff, cut by the same sea, in the reef 
of the 70-foot sea. 


Average level.—Benches and shore features of a sea about 25 feet 
higher than at present are almost continuous around Oahu and are 
present on Mokulua and Moku Manu islands. Although the Kailua 
and Waimanalo dunes apparently record evidence of 22- and 27-foot 
seas, it is generally impractical to make such fine distinctions else- 
where. Hence, for convenience, these two levels will hereafter be des- 
ignated together as the Waimanalo 25-foot strand. It is named after 
the first described locality. 

EVIDENCE ON MAUI 


Emerged fossiliferous deposits of the Waimanalo strand have not 
been found on Maui, but along much of the West Maui coast there 
are wave-cut benches and marine terraces which indicate a stand of 
the sea about 25 feet above that of the present. A broad terrace 
occurs about 25 feet above Iao Stream, consisting of loose gravel which 
rests unconformably against an older terrace, apparently formed 
during the 95-foot sea and consisting of boulder conglomerate. For 
about a mile northwest of the mouth of Iao Valley, occur lithified 
dunes of Waipio age, which have been cliffed by a sea about 25 feet 
higher than the present. Wave-cut benches correlative with the 
Waimanalo sea occur along much of the coast of East Maui except 
where it is veneered with later lava flows. 


EXPLANATION OF THE SHORE LINES 


EUSTATIC THEORY 


This series of shore lines can be explained by any one of the following 
hypotheses: (1) Alternate uplift and subsidence of the land with 
essentially constant ocean level; (2) stable land with a fluctuating 
ocean; (3) unstable land with a fluctuating ocean. 

The drowning of the valleys on Oahu by more than 1,200 feet and 
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of those on Maui by a somewhat similar amount requires a subsidence 
of these two islands. In fact, there. is evidence indicating that the 
entire Hawaiian group has subsided, perhaps as a unit. The problem 
resolves itself into the question as to whether these islands have moved 
up and down in a series of stages without tilting, as called for by the 
suite of shore lines from the Olowalu strand to the present. 

Subsidence can be explained as due to the isostatic adjustments, 
but to lift up these islands one must rely on broad crustal folding of 
this part of the Pacific floor, great volcanic injections into the base- 
ment complex, or some other cause. Elsewhere in the Pacific, as in 
Fiji and Mangaia, there is ample evidence of such uplifts; hence, 
this hypothesis can not be dismissed as without merit. 

In 1842, soon after the theory of glaciation was established, 
McClaren declared that the ocean levels must have varied with the 
volume and extent of the earth’s glaciers. This principle is now gen- 
erally accepted, but there is a wide divergence of views as to the 
extent of these changes in ocean levels, because of the difficulty in 
estimating the volume of the polar ice caps and the extent to which 
the glaciations were contemporaneous. The problem is further com- 
plicated by isostatic changes in the shape of the ocean floors, resulting 
from loading and unloading concurrent with the change in volume 
of the oceans, and also by changes resulting from crustal movements 
independent of isostatic adjustments due to glaciations and deglacia- 
tions. 

If the shore lines on Oahu and Maui are eustatic they probably 
should be found at practically the same height and same sequence 
on stable shores elsewhere, providing they have not been destroyed 
by erosion. Daly,'® however, has recently given a number of reasons 
why even eustatic shore lines may not everywhere have the same 
height. A problem arises as to the accurate determination of mean 
sea level where these shore lines are cut in soft sediments, as along 
the Atlantic Coast and also at places where the tidal range is great 
enough for the deposits of one shore line to merge with those of 
another. More accurate data should be obtained at critical localities. 
Johnson '* has already shown the wide divergence of marine terrace 
levels reported in the literature. Probably the question of eustatic 
shore lines will never be answered satisfactory until careful surveys 
have been made of the emerged and submerged shore lines on the 


18R. A. Daly: The changing world of the Ice Age (1934) p. 152-157. Yale Univ. Press, New 


Haven. 
1° Douglas Johnson: Physiography of the Atlantic Coast of North America, Int. Geog. Cong., 


Rept. (1928) p. 85-100. 
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voleanic islands of the Pacific, where fossiliferous limestones indicate 
shore lines and where it is inconceivable that widely separated volcanic 
piles should move up and down in unison. 

The hypothesis that Oahu and Maui have not been stable during a 
fluctuating ocean deserves consideration. The gravel and sand de- 
posits interstratified with the reefs (Fig. 3) suggest alternating periods 
of emergence and submergence during the laying down of these de- 
posits. However, there is virtually no evidence bearing directly on 


Pleistocene terraces on Hawaii and on the Atlantic coast 


Oahu and Maui Atlantic Coast (after C. W. Cooke) 
Approximate Approximate 
Altitude of Sea eto Altitude of Sea at 
(Feet) (Feet) — 
0 Present Present Present 
12 (?) Hanuama (?) 12 Princess Anne 
25 Waimanalo 25 Pamlico 
40 (?) Waialae (?) 42 Talbot 
70 Laie 70 Penholoway 
95 Kaena 100 Wicomico 
Trace Not Named 170 Sunderland 
Not Recognized 215 Coharie 
250+ Olowalu 270 Brandywine 


this question of whether the land was moving as well as the ocean. 
The answer awaits correlation with suites of shore lines on other 


Pacific islands. 


The table below gives a long-range tentative correlation of the Oahu 


and Maui shore lines with the Atlantic coastal terraces.”° 
doubts the existence of the Princess Anne terrace at 12 feet.?* 


Cooke now 
The 


writer has been unable to find definite proof of this shore line in Oahu, 
although Wentworth and Palmer believe certain benches in Hawaii 
were made by a sea of this height. Until there is better agreement 


2C. W. Cooke: Tentative correlation of American glacial chronology with the marine time 
scale, Wash. Acad. Sci., Jour., vol. 22 (1932) p. 311. 


21 Oral communication, Nov. 8, 1934. 
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among geologists as to the interpretation of the Atlantic terraces, this 
correlation should be considered as speculative only. 


FOSSIL EVIDENCE SUPPORTING THE EUSTATIC THEORY 
Ostergaard *? reached the important conclusion from his study of 
the fossil mollusks of Oahu, that the ocean had a higher temperature 
during the formation of the emerged reefs than at present, because 
many species found as fossils on Oahu are now thriving in the warmer 
Indo-Pacific waters. 

Fossil plants collected from the Salt Lake tuff, which was laid down 
during the minus 60+ —foot stand of the sea and identified by Lyons,”* 
indicate that the cool moist climate of the mountain tops prevailed 
at sea level during this stage. 

Thus, such fossil evidence as exists corroborates the glacial control 
theory that high seas mean high temperatures and receding ice caps, 
and low seas mean low temperatures and advancing ice caps. 


EVIDENCE OF OAHU AND MAUI STRAND LINES ON THE OCTHER 
HAWAIIAN ISLANDS 

Lindgren ** reports considerable emerged reef on Molokai at 25 feet 
above sea level, and on Puu Maninibolo (Puu Maniniholo on United 
States Geological Survey topographic map) “coral rock” at about 
130 feet. 

Through the courtesy of C. E. Morris, chairman of the Molokai 
Water Commission, the writer visited this locality in February, 1935. 
A broad ledge of fossiliferous marine limestone at this place lies un- 
conformably upon basalt. This ledge is younger than most of the hill- 
wash in this area, but, above this ledge, blocks of limestone were found 
in the bank of a dry stream bed, which were older than the hillwash. 
The highest outcrop of this older fossiliferous marine limestone was 
found resting unconformably on basalt in the stream bed at an altitude 
of 189 feet, as determined by a level line. At Moomomi Beach on the 
north coast of Molokai, lithified dunes were found which extend below 
sea level, indicating a former low stand of the sea. In a few places 
these dunes show evidence of having been cliffed by a sea not more 
than 25 feet higher than the present one. Broad platforms in the dune 
limestone at, and a few feet above, mean sea level occur along the 


shore. 


22 J, M. Ostergaard: op. cit., p. 32. 
23H. S. Lyons: The flora of Moanalua, 100,000 years ago, [Abstract] Bishop Mus., Spee. 


Publ. 16 (1930) p. 6-7. 
24 Waldemar Lindgren: The water resources of Molokai, Hawaiian Islands, U. 8. Geol. Surv., 


W. S. Pap. 77 (1903) p. 15-16. 
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A detailed study is now being made of the emerged reefs of Molokai, 

and the interpretation of these marine deposits will be given in a 
later paper. However, the older, partly submerged, lithified dunes at 
Moomomi appear to have accumulated during the Waipio low stand, 
because no evidence is available that they have been submerged by 
a sea higher than the Waimanalo 25-foot stand. 
_ Three degrees of consolidation were noted in the dunes—the firmly 
cemented ones, probably belonging to the Waipio stand; the weakly 
cemented ones, probably of the Waimanalo stand; and the uncon- 
solidated ones of the present sea. This series of dunes is similar to 
those on Kauai, described below. 

In June 1934, through the courtesy of the Hawaiian Pineapple Com- 
pany, the writer had an opportunity of spending several days on Lanai. 
While there, he found excellent exposures of partly submerged lithified 
calcareous dunes at Lae Hi Point on the windward coast. At the 
beach these dunes lie on a thin soil covering the Lanai basalt, and 
they extend inland to an altitude of about 700 feet. Overlying these 
dunes on the northwest side of the point are consolidated fossiliferous 
calcareous beach deposits, up to 20 feet above sea level. The dunes 
are undoubtedly of Waipio age and the overlying beach deposits of 
Waimanalo age. 

On the rocky spur at the head of Manele Bay, mentioned by Went- 
worth,”> there are numerous scattered blocks of fossiliferous beach 
conglomerate, up to 100 feet above sea level. Although it could not 
be found in situ, there can be little doubt but that it represents the 
remains of the Kaena shore line. Thus, on Lanai is evidence of at 
least three shore lines. 

On a recent visit to Kauai the writer found numerous occurrences of 
partly submerged, well-cemented calcareous dunes which were over- 
lain with a few inches to a few feet of red soil. This soil was overlain 
in many places by partly-cemented dunes which are of later age, 
because they are cliffed by the present sea but do not in any case 
extend to sea level. In a few localities these partly cemented dunes 
are overlain by unconsolidated dunes blown from the present shore. 
These three epochs of dune formation appear to correlate with the 
Waipio, the Waimanalo, and the present stands of the sea on Oahu. 

In the Kipukai area, where stream erosion is negligible, a suite of 
terraces are preserved. The highest one, about 250 feet above sea 
level, is planed across dikes and flow lavas. There can be little doubt 


% C. K. Wentworth: The geology of Lanai, B. P. Bishop Mus., Bull. 24 (1925) p. 33. 
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that Kauai has undergone a series of submergences and emergences 
similar to Oahu. 
AGE OF THE SHORE LINES 


Although their good preservation and the fossils associated with 
them indicate that the Hawaiian shore lines are Pleistocene, reference 
of each of them to a particular stage of the Pleistocene is uncertain. 

However, the lack of precise dating of the Hawaiian shore lines at 
this time does not invalidate their use in determining the relative ages 
of the various islands and their later lava flows. Thus, it is now 
possible to show that Haleakala poured lavas down Keanae Valley on 
Maui during the same stand of the sea that Diamond Head and Salt 
Lake craters were in eruption on Oahu. 


SUMMARY AND CONCLUSIONS 


After being deeply dissected by streams, both Oahu and Maui were 
deeply submerged, perhaps as a result of isostatic adjustment. On 
Oahu this submergence was in excess of 1200 feet, but no definite 
measure is yet available on Maui. Thereafter, a series of shore lines, 
possibly eustatic, were developed synchronously on both islands during 
the Pleistocene. Their names and levels in relation to present sea 
level, tabulated with the oldest at the top, and all in order of age, are 
given below: 

Shore lines on Oahu and Maui 


Feet above (+-) or below 
Name (—) present sea level 

+ 40 (?) 
— 60+ 
+ 25 
0 


The shore lines above sea level were determined from fossiliferous 
beach conglomerates or nips cut in lithified dunes, except the 40-foot 
stand the existence of which is still questionable, although terraces 
occur at this level. The depths of the submerged shore lines were 
determined from various submerged features, such as tree molds, lithi- 
fied dunes, lava-filled valleys, and platforms. Their position in the 
sequence was determined by erosional unconformities in the marine 
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deposits. Such fossil evidence as exists indicates that warmer tem- 
peratures existed during times of high seas than during low seas. 

A few of these shore lines have already been found on all the other 
inhabited Hawaiian Islands, and all of them may be found later when 
the islands are studied in detail. 
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INTRODUCTION 


The scheelite deposit on the west slope of the Paradise Range, in 
northwestern Nye County, Nevada (Fig. 1), is of interest because of 
the association of scheelite in a vein with an abundance of the unusual 
chlorite leuchtenbergite. In western Nevada and nearby portions of 
southern California, scheelite has been found in contact-metamorphic 
deposits,’ in pegmatites,? and in quartz veins.*? Each type has fur- 


* Manuscript received by the Secretary of the Society, June 8, 1935. 
t Published by permission of the Director, United States Geological Survey. 
1F. L. Hess and E. C. Larsen: Contact-metamorphic tungsten deposits of the United States, 
U. 8. Geol. Surv., Bull. 725 (1921) p. 245-309. 
F. L. Hess: Tactite, the product of contact metamorphism, Am. Jour. Sci., 4th ser., vol. 48 
(1919) p. 377-378. 
Adolph Knopf: Tungsten deposits of northwestern Inyo County, California, U. S. Geol. Surv., 
Bull. 640 (1917) p. 229-249. 
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Figure 1.—Location map of Paradise Range and principal tungsten deposits in Nevada and 
southeastern California 
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nished scheelite of economic importance, although the contact-meta- 
morphic deposit at Mill City, Nevada, has been the outstanding pro- 
ducer in the United States in recent years. The scheelite-leuchten- 
bergite vein in the Paradise Range has yielded only a small production. 

The scheelite vein (Figs. 2, 3; Pl. 181, fig. 1) is on the crest of a 
ridge in sec. 36, T. 12 N., R. 36 E., and the vein and adjacent ground 
are included in two patented claims, Betty O’Neil No. 1 and No. 2, 
together with a mill site. The camp and a lower tunnel are reached 
by following the canyon bottom of Tungsten Gulch east of the desert 
road that connects Broken Hills and Luning, but the deposit itself 
is accessible only by trail, either from the Tungsten camp or from the 
nearby Brucite camp. 

The vein was opened in 1926, and several thousand dollars’ worth 
of high-grade ore was removed from the small prospect pit east of 
the entrance to the tunnel along the vein. It was sold soon afterward 
to the Nevada-Massachusetts Company, and a development program 
was begun. This program failed to disclose scheelite comparable to 
the original showings, and, as the market would not support mining 
low-grade ore in so inaccessible a location, operations were suspended 
in 1928. A haulage tunnel, to penetrate the hill several hundred feet 
beneath the workings along the hill crest, was started but was aban- 
doned after driving about 100 feet. Workings along the hill crest 
consist of 400 feet of tunnel along the vein, prospect pits on the surface 
above (Fig. 5), and a 50-foot shaft about 250 feet west of the entrance 
to the tunnel. A topographic and geologic map of the area was made 
in 1931 by Callaghan (Figs. 2 and 3), with the assistance of H. E. 
Thomas and T. P. Thayer, in connection with the study of nesrby 
deposits of brucite and magnesite, a co-operative project by the United 
States Geological Survey and the State of Nevada. The leuchten- 
bergite was analyzed and identified by Charles Milton in the labora- 


*Eugene Callaghan: Brucite deposit, Paradise Range, Nevada—a preliminary report, Univ. 
Nev., Bull., vol. 27, no. 1 (1983) p. 1-34. 


(Continued from page 1957) 
P. F. Kerr: Geology of the tungsten deposits near Mill City, Nevada, Univ. Nev., Bull., 
vol. 28, no. 2 (1934) p. 1-46. 
2F. L. Hess: The pegmatites of the Western States in Ore deposits of the Western States 
(Lindgren volume), Am. Inst. Min. Met. Eng., (1933) p. 535. 
P. F. Kerr: Scheelite-beryl deposit at Oreana (abstract), Am. Mineral., vol. 20, no. 3 
(1935) p. 207. 
3C. D. Hulin: Geology and ore deposits of the Randsburg quadrangle, California, Calif. State 
Min. Bur., Bull. 95 (1925) p. 70-78. 
T. 8. Lovering: Tungsten deposits, in Ore deposits of the Western States (Lindgren volume), 
Am. Inst. Min. Met. Eng. (1933) p. 668-671. 
P. F. Kerr: Tungsten deposit at Silver Dyke, Nevada, Min. and Metal., vol. 16, no. 339 
(1935) p. 138. 
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tory of the United States Geological Survey; X-ray diffraction pat- 
terns confirming the identification were taken in the mineralogical 
laboratory of Columbia University. In 1933, Kerr visited the prop- 
erty, and in 1934, he revisited it and examined it in detail for the 
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Figure 2.—Tungsten vein in Paradise Range, Nevada 
Outline map showing location with reference to nearby stock of granodiorite and deposits of brucite. 


owners. The writers are indebted to Charles H. Segerstrom, president, 
and Ott F. Heizer, general manager, of the Nevada-Massachusetts 
Company, for permission to publish the results of this work. 


GENERAL GEOLOGY 


The rugged western slope of the Paradise Range (Fig. 4 and Pl. 181, 
fig. 1) is composed of dolomite and a minor amount of limestone of 
Upper Triassic age, which has been intruded by stocks of granodiorite 
and granite ® and by numerous dikes and sills that are probably of 
late Jurassic or early Cretaceous age. The intrusive near the scheelite 
vein is one of the eroded granodiorite cupolas found associated with 
many of the scheelite deposits in the Great Basin. A characteristic 


5H. G. Ferguson: personal communication. 
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feature of many of the tungsten deposits in western Nevada is their 
proximity to intrusive bodies of granodiorite, granite, quartz mon- 
zonite, diorite, or related rocks. The intrusives are usually small, 
ranging from a few hundred feet to several miles in width, and do not 
appear to have been deeply eroded. 

The northern part of the granodiorite stock (Fig. 2) lies west and 
southwest of the scheelite vein, the nearest outcrop being 950 feet from 
the productive portion. The contacts of the granodiorite with the 
surrounding rocks are irregular, and there is a suggestion that erosion 
has removed only part of the superincumbent country rock at the 
north end of the stock. Many dikes, trending mainly northwest, 
occur in the region.* Two kinds of dike rock, a fine-grained andesite 
hornfels and a porphyritic andesite, are older than the granodiorite, 
and the granophyre dikes also are slightly older than the granodiorite, 
as indicated by crosscutting relations. Granodiorite dikes containing 
perthitic feldspar and aplite dikes are closely related to the granodio- 
rite. Malchite and rhyolite are later than the granodiorite. 

The dolomite in the vicinity of the tungsten deposit (Pl. 181, fig. 1) 
is locally somewhat contorted but, in general, dips to the west at an 
average angle of about thirty degrees. East of the scheelite vein the 
dolomite is fine grained (0.1 to 0.03 millimeter) , thin-bedded, and dark 
gray to black. Dolomite grains are elongated and well oriented par- 
allel to the bedding. Flakes of tale are irregularly distributed, and 
minute specks of carbonaceous material account for the dark appear- 
ance. The rock is chemically close to theoretical dolomite, and the 
impurities in analyzed material, for the most part, amount to less than 
one per cent. Several coarse-grained recrystallized areas occur in the 
black dolomite, but the fine-grained texture is retained in most places. 

The contact between black dolomite and completely recrystallized 
dolomite and magnesite follows an irregular course, which extends 
from the ravine 600 feet south of the scheelite vein to the north and 
northwest for over a mile until it curves around the west side of the 
granodiorite area north of tungsten gulch beyond the boundary of 
Figure 2. Contacts of magnesite and recrystallized dolomite are 
irregular, and masses of recrystallized dolomite occur in magnesite, 
as well as masses of magnesite in recrystallized dolomite.? The recrys- 
tallized dolomite and magnesite have a similar appearance in the 
outcrop. Both are light gray to white on fresh surfaces and brownish 


® Eugene Callaghan: Pre-granodiorite dikes in granodiorite, Paradise Range, Nevada, Am. Geo- 
phys.-Union, Tr. (1935) p. 302-307. 
7D. F. Hewett and others: Mineral resources of the Boulder Dam region (in preparation). 
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on weathered surfaces. The grain diameters range, for the most part, 
from 0.2 to 1.0 millimeter, although crystals one centimeter across 
are occasionally found. Original textural and structural features, such 
as bedding, are largely destroyed. Magnesite occupies the greater 
part of the altered area west of the scheelite vein and northeast of the 
tongue of granodiorite shown in Figure 2. A few lenses of magnesite 
occur in the recrystallized dolomite west of this tongue of granodiorite. 

In addition to recrystallized dolomite and magnesite, bodies of 
brucite * occur in the altered area, mostly close to the granodiorite; 
the two largest bodies occur on the two sides of the prominent tongue 
of granodiorite. The easternmost large body, known as the “Upper 
Brucite deposit,” is 2,000 feet west of the scheelite vein, but a small 
outcrop occurs 60 feet from the granodiorite and 1,100 feet southwest 
of the vein. The brucite is a light-gray to white soapy-looking mineral 
and in most places contains veinlets of dolomite. It is almost entirely 
covered by a white blanket of hydromagnesite, which is a weathering 
product. The recrystallization of dolomite and the formation of mag- 
nesite and brucite by replacement are believed to have been effected 
by magnesian solutions. General studies of the district indicate that 
these processes preceded, rather than followed, the intrusion of the 
granodiorite. 

ROCKS ASSOCIATED WITH VEIN 
GENERAL STATEMENT 


The vein (Figs. 3, 4, 5) lies within recrystallized carbonate rocks 
consisting of both dolomite and magnesite, but three igneous dike 
rocks—a rhyolite or granophyre, a perthitic orthoclase dike, and mal- 
chite dikes and a sill—occur in or near the vein. The perthitic ortho- 
clase dike is of particular interest in that it lies within the vein and 
probably has an important bearing on the origin of the scheelite. 


CARBONATE ROCKS 


Dolomite appears on the south wall of the vein and magnesite on 
the north wall, in the area of the tunnel and pits, and also occurs 
west of the productive part of the vein. Both rocks are similar in 
appearance and tend to be brownish on the surface but gray immedi- 
ately below, although the dolomite is, in general, lighter-colored and 
has a greater renge in grain size. Both rocks contain veinlets and 
coarse crystals of dolomite (Pl. 182, fig. 3). They are readily dis- 


®Eugene Callaghan: Brucite deposit, Paradise Range, Nevada—a preliminary report, Univ. 
Nev., Bull., vol. 27, no. 1 (1933) p. 18-27. 
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tinguished in the laboratory, either by immersion in refractive-index 
oils under the microscope or by their difference of density in bromo- 
form. Both are much coarser grained than the dark, unrecrystallized 


Ficure 3.—Geologic and topographic map of Betty O’Neil tungsten claims in the Paradise Range 


dolomite to the east. Analyses of dolomite and magnesite. at the 
tungsten deposit, made by Earl Emendorfer, of Columbia University, 


are given below: 
Dolomite Magnesite 


100.13 100.20 


GRANOPHYRE DIKES 


Two light-colored dikes, each about 25 feet thick, interrupt the 
continuity of the vein but are offset by the fault that follows it (Fig. 3). 
They are part of a large group of dikes of this type, within the brucite 
area. At the surface the dikes are more or less parallel, with a strike 
near N. 25° W., but they vary greatly in thickness and trend. They 
join both to the north and to the south and probably join at depth. 
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There are interruptions in the continuity of outcrop of the dikes, and 
they have numerous apophyses, one of which follows the course of 
the vein (Fig. 5). The rock is fine grained and porphyritic. The 
outcrops are buff and flecked with scattered biotite phenocrysts and 
spots of iron oxide derived from disseminated pyrite. Thin sections 
show that the rock contains scattered phenocrysts of oligoclase and 
light-colored biotite in a groundmass consisting of small sodic oligo- 
clase crystals, a fine mosaic of quartz, and a micrographic intergrowth 
of quartz and orthoclase. Titanite and apatite are accessory, but no 
magnetite was observed. Coarser-grained varieties of this rock are 
estimated to contain 8 per cent of readily distinguishable quartz, 32 per 
cent of oligoclase, 56 per cent of micrographic quartz and orthoclase, 
3 per cent of biotite, and 1 per cent of stained material. Analyzed 
material contains 73.69 per cent SiO., 3.59 per cent Na,O, and 4 per 
cent K,O. Pale-green chlorite replaces biotite here and there and also 
occurs in the groundmass. Leucoxene and limonite are oxidation 
products. Oligoclase phenocrysts are shattered, indicating rapid cool- 
ing, as the cracks are not controlled by cleavage and are stained or 
filled with chloritic material. This structure, together with the fine 
grain and micrographic groundmass, suggests that these dikes intruded 
relatively cool country rock. 


PERTHITIC ORTHOCLASE DIKES 


A peculiar greenish-gray dike rock occurs in the best exposure of 
scheelite, the first open pit east of the entrance to the 400-foot tunnel. 
The dike rock is granular, although too fine-grained for the mineral 
constituents to be distinguishable with a hand lens. It follows the 
vein and on each side is bounded by a zone of contact minerals several 
centimeters thick. Although the dike is not more than six inches thick, 
at the most, it may have significance in indicating the character of 
the igneous activity that produced the mineral products in the vein. 
It seems probable that the dike has been materially changed by end- 
stage solutions originating in a magma not far below the surface. 

The dike rock consists of a groundmass made up of orthoclase and 
albite exhibiting microperthitic structure (Pl. 182, fig. 1). Fragments 
of former orthoclase crystals remain, but other original mineral con- 
stituents appear to have been destroyed during the perthitic altera- 
tion. The orthoclase-albite groundmass contains scattered crystals 
of green pyroxene, titanite, and apatite. In addition, hydrothermal 
alteration of the surrounding materials along the vein appears to have 
produced a second group of minerals, which penetrate the dike in 
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veinlets and locally replace the feldspars. The minerals of this group 
are dolomite, phlogopite, chrysotile, and leuchtenbergite. 

The contact-metamorphic aureole of the dike consists of four sep- 
arate mineral zones that intervene between the central area of perthite 
and the leuchtenbergite on the outer margin. Nearest the dike rock 
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Ficure 4.—Outcrop of scheelite-leuchtenbergite 
Sketch, looking east, of part of the vein, showing relations to country rock. 


is a zone, about 2 millimeters thick, made up of radial aggregates of 
tremolite, penetrating the margin of the dike. A sharp line separates 
this zone from a band of phlogopite, 4 millimeters thick. Outside the 
phlogopite layer is an irregular zone of serpentine, which grades into 
a zone of mixed minerals ranging from 1 to 3 centimeters in thick- 
ness. The zone of mixed minerals contains residual diopside and 
dolomite in a groundmass of leuchtenbergite. . 

The dike occurs in intimate association with high-grade ore—a fact 
which suggests that it has a direct bearing on the origin of the scheel- 
ite. Study of tungsten deposits in western Nevada indicates a gen- 
eral relationship between end-stage intrusives containing albite or 
closely related alkalic feldspars and the crystallization of scheelite. 
Scheelite has been observed in such association in the deposit at 
Oreana and at Mill City and elsewhere. It might be suggested, there- 
fore, that end-stage solutions, closely following rocks of the type rep- 
resented by the perthitic orthoclase dike, may have, in large part, 
deposited the early group of minerals found in the vein, including 
scheelite and quartz. Hydrothermal metamorphism, on the other 
hand, appears to have produced the later tale and leuchtenbergite. 
The later alteration even penetrated the dike itself, producing serpen- 
tine, leuchtenbergite, and chrysotile. 
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MALCHITE 

Several small dikes of mafic malchite occur near the western part 
of the vein, and there is one in the south wall of the tunnel near the 
portal. A large sill lies east of the vein (Fig. 3). A fresh outcrop 
of this rock, near the granophyre dike north of the vein, is fine grained, 
porphyritic, and nearly black. It contains about 50 per cent of horn- 


at 
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Ficure 5.—Plan of surface and underground workings and longitudinal section of part of 
scheelite-leuchtenbergite vein 


blende, 42 per cent of plagioclase, chiefly andesine, and minor amounts 
of biotite, magnetite, titanite, apatite, sericite, and quartz. The horn- 
blende in most outcrops is largely altered to chlorite and calcite, and 
the rock is greenish. 


ORE BODY 


The scheelite vein extends east-west along the ridge shown in Figure 
4 and Plate 181, figure 1. It may be traced for about 900 feet, of 
which about 600 feet has been prospected. Scheelite has been found 
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in all the pits and in the prospect shaft (Figs. 3 and 4). The vein 
varies greatly in width but reaches a maximum of 4 feet in the tunnel. 
The tunnel follows the vein for 100 feet, to the granophyre dike, but 
vein matter was not found on the east side, though it occurs in the 
pits on the surface (Fig. 5). The north dip of the vein may be suffi- 
cient to carry it north of the underground workings here. 

Leuchtenbergite makes up the bulk of the vein matter, and the 
scheelite is distributed sporadically in association with quartz, though 
in places the quartz is absent. Not all of the leuchtenbergite contains 
scheelite, but scheelite has not been found outside the leuchtenbergite. 
Small ore shoots, or pockets, occur within the vein. Some open cavi- 
ties contain remnants of scheelite, and some are entirely free of scheel- 
ite. The pocket mined in the pit above the portal of the tunnel did 
not extend to the depth of the tunnel. A small pocket was found in 
the prospect shaft west of the tunnel, but it was not large enough to 
justify further development. 

The contact of the vein matter with the carbonate wall rock is 
irregular, and patches of the chlorite extend into the carbonate, indi- 
cating replacement. The dolomite contains limonite pseudomorphs 
after pyrite and streaks of rutile crystals. Some small white patches 
of brucite occur in magnesite near the vein (Pl. 182, fig. 2). 

Post-mineral faulting along the vein has caused displacement of 
the granophyre dike, about 20 feet in the horizontal component and 
15 feet in the vertical component. The south side has moved east 
relatively (Figs. 3 and 5). Several branching post-mineral fractures 
occur in the vein matter. 


MINERALS OF THE TUNGSTEN DEPOSIT 
GENERAL STATEMENT 


The minerals of the deposit, aside from those occurring in intrusive 
dikes, may be listed as follows: 


Contact and marginal alteration 


Wall-rock minerals minerals of orthoclase-perthite Vein minerals 
dike 

Dolomite Diopside Early group: 
Magnesite Phlogopite Quartz, vesuvianite, 
Brucite Tremolite epidote, scheelite 
Hydromagnesite Serpentine Intermediate group: 
Tale Chrysotile Rutile, pyrite, 
Pyrite pyrrhotite, tremolite, 
Pyrrhotite apatite 
Rutile Later group: 
Limonite Tale, serpentine, 


leuchtenbergite 
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All these minerals have been observed in thin section. Identification 
has been based upon the usual optical data, chemical analyses of the 
leuchtenbergite, rutile, magnesite, and dolomite, and X-ray diffraction 
patterns of leuchtenbergite, talc, phlogopite, serpentine, rutile, mag- 
nesite, and dolomite. 

SCHEELITE 


In ultraviolet light of a high-frequency iron-spark gap are the 
scheelite fluoresces a distinct blue, usually as intense as may be 
observed for any common scheelite. The underground workings and 
specimens from the ore pile near the tunnel entrance were examined 
by means of a portable ultraviolet light. The outfit consisted of a 
standard portable arc, equipped with a quartz lens connected to a 
set of dry cells and a small converter unit. Excellent fluorescence of 
scheelite may be obtained with such a unit, but the consumption of 
dry cells required for adequate power is considerable. 

The scheelite is massive and is usually associated with quartz 
(Pl. 182, figs. 4, 5), surrounded by a rim of yellowish-brown tale and 
an outer mass of leuchtenbergite. In some places it is entirely sur- 
rounded by leuchtenbergite; elsewhere, open cavities exist in the 
leuchtenbergite, containing a few remnants of scheelite or entirely 
open and free from scheelite. The scheelite found in dark bluish-gray 
leuchtenbergite is said to occur in “blue ore.”” The normal occurrence 
for the deposit is in yellowish or light-gray specimens, usually with 
associated quartz and talc. 

TALC 

The tale occurs in irregular rim-like areas around scheelite (Pl. 182, 
fig. 5), as remnant flakes in leuchtenbergite, and scattered through 
the magnesite of the wall rock. It is micaceous in appearance and is 
yellowish brown, in contrast to the associated leuchtenbergite, which 
is gray. In thin section it has a somewhat shredded appearance where 
it is in contact with leuchtenbergite, suggesting replacement by leuch- 
tenbergite. Residual patches of talc in leuchtenbergite and the tend- 
ency of leuchtenbergite to invade the rims of tale around scheelite are 
additional criteria for the replacement. The replacement of quartz 
and earlier minerals by both tale and leuchtenbergite is more evident 
(Pl. 182, fig. 6). 

SERPENTINE 

Serpentine has formed as a minor constituent of the vein or as a 

minor alteration rim around the margin of the perthitic orthoclase 
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dike. It is distinguished by shatter cracks and mesh structure, as well 
as by its isotropic character. The index of refraction is low for ser- 
pentine, being, for the most part, slightly above balsam, although in 
some sections it is slightly below balsam. Its X-ray diffraction pat- 
terns agree in all details with those of serpentine from a considerable 
number of well-recognized serpentine localities. It is assumed, there- 
fore, that the isotropic material is serpentine, although, in the absence 
of chemical data, it is not possible to assign it to any particular part 
of the serpentine family. The serpentine is largely restricted to areas 
of tale and appears to represent part of the alteration process through 
which phlogopite undergoes replacement by leuchtenbergite. Chryso- 
tile occurs in veinlets originating in a rim of serpentine surrounding 
the perthitic orthoclase dike and penetrating the dike itself. 


LEUCHTENBERGITE 


The chloritic mineral leuchtenbergite forms the bulk of the vein 
matter (Pl. 181, fig. 2). It is light to medium gray, fine grained, and 
massive. The finest-grained material is compact and has a translucent 
appearance. The coarser material is dark gray and resembles fine- 
grained talc, except for its dull luster. Under the microscope the leuch- 
tenbergite is observed to be a colorless aggregate of radial crystals. 
The aggregates occur in segments, many of which represent only a 
small portion of circular groups (PI. 181, fig. 2). In the finer material 
the grain size averages 0.05 millimeter, but in the coarse varieties 
the spherules are as much as 0.5 millimeter in diameter. Bi-refrin- 
gence is low (0.008), and the indices 157 < 8 < 1.58. In Table 1, 
its analysis is compared with the analyses given by Dana,° Kinosaki,’° 
and The approximate formula is 9MgO.2A1,0,.5Si0..7H,0. 

X-ray diffraction patterns of specimens of Paradise Range leuchten- 
bergite have been found to be identical with patterns of leuchtenbergite 
from Zlatoust, Siberia. 

The leuchtenbergite in the Paradise Range is thought to be later 
than the tale, which cuts and replaces the quartz. In thia section the 
areas of leuchtenbergite are clearer than areas of other minerals, 
particularly tale. Crystals of tale have a shredded and altered ap- 
pearance in many places. Crystals of rutile, apatite, and pyrite are 


®E. S. Dana: The system of mineralogy of James Dwight Dana, 6th ed., New York (1909) 
Pp. 649. 

1 Yoshio Kinosaki: Magnesite deposits in the vicinity of Taikwayodo, Tansen-Gun S. Kankyo- 
Do in Mineral Survey of Chosen, Chosen Geol. Surv., vol. 7, no. 1 (1932) p. 18-19. 

11 Sutezé Satd: Alteration of tale and antigorite to leuchtenbergite in the metamorphosed 
dolomite in the Matenrei System, North Korea, Shanghai Inst., Jour., sec. 2, vol. 1 (1933) p. 17-24. 


angular and sharp where they are enclosed in quartz but are mostly 
fragmental where they are enclosed in leuchtenbergite. Invariably, 
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where tale and leuchtenbergite occur together around the quartz- 
scheelite areas, the talc lies between the leuchtenbergite and the quartz 
and appears to represent an earlier alteration. 

The problem of the origin of the scheelite-leuchtenbergite vein is 
complicated by the association of a group of minerals that are regarded 
as having been formed at high temperature, with a hydrous silicate 


Taste 1—Analyses of leuchtenbergite 


Zlatoust, Taikwayodo, Syunkodo, 
Constituent on Siberia Chosen Chosen 
ee (Dana) (Kinosaki) (Sat6) 
31.02 30.46 32.00 32.98 
20.79 19.74 19.22 15.94 
34.25 34.52 34.60 36.43 
.02 .3l None 
ere 12.77 12.74 12.81 13.00 


that would generally be considered as having been formed at moderate 


or low temperatures. 


Kinosaki’? mentions veins of soft white leuch- 


tenbergite with or without talc, and as much as 20 meters thick, which 
traverse lenses of magnetite in dolomite in Chosen. He regards the 
group of minerals including phlogopite, tourmaline, sphene, and plagio- 
clase as representing the highest temperature, followed by magnesite 
at a lower stage, and tale and leuchtenbergite at the last stage. Satd ** 
regards leuchtenbergite in a nearby area, as having been formed from 
tale and antigorite. 


22 Yoshio Kinosaki: op. cit., p. 18. 
18 Sutezo Saté: op. cit., p. 23. 
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OTHER MINERALS 

Apatite occurs in most of the leuchtenbergite as disseminated grains, 
mostly less than 0.5 millimeter in diameter. In thin section the grains 
have an irregular outline and a corroded appearance. Apatite is also 
found in the quartz, where the crystals are angular and free from 
corrosion. 

Abundant euhedral brown grains of rutile occur in some parts of 
the leuchtenbergite but not in others. They are mostly between 0.02 
and 0.5 millimeter in length. The rutile appears to be, for the most 
part, later than the scheelite but earlier than the leuchtenbergite-talc 
alteration. It is found in veinlets cutting scheelite where the scheelite 
occurs in quartz that has not been replaced by leuchtenbergite. Both 
X-ray diffraction patterns and chemical data confirm the identification 
of rutile. 

Former pyrite is represented by pseudomorphs of “limonite” that 
preserve the cubical form. Some are as much as 15 millimeters in 
diameter, but most of them are about 2 millimeters. They occur 
mostly in irregular groups. Some pyrrhotite occurs with the pyrite. 

Quartz occurs in light-gray or white lumps, some of which are 
nearly a foot in diameter, and in veinlets less than an inch wide. Vugs 
reveal terminated prisms as much as half an inch long. The ecmmon 
close association of quartz with scheelite has already been mentioned. 


SEQUENCE OF EVENTS 


Some observations based on the study of the area beyond the imme- 
diate vicinity of the scheelite-leuchtenbergite vein have a bearing on 
the sequence of events at the vein. The granophyre dikes are shat- 
tered and invaded by granodiorite at contacts, indicating that they 
are earlier than the granodiorite, and, furthermore, their structure 
indicates that they invaded relatively cool country rocks. The per- 
thitic orthoclase dike, which lies wholly within the scheelite vein, is 
similar to perthitic dikes and lenses that occur in the brucite but do 
not occur in magnesite and dolomite to any appreciable extent. The 
latter dikes are granitoid and appear to be definitely related to the 
granodiorite, but they probably have a different mineral and chemical 
composition, because they intruded a material that was neither dolo- 
mite nor magnesite. The perthitic orthoclase dike also is believed to 
be closely related to the granodiorite and, therefore, later than the 
granophyre. 

From the crosscutting relations of granodiorite to magnesite and 
recrystallized dolomite and the lack of relation of igneous-rock out- 
crops to the form of magnesite bodies, it appears that the formation 
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of magnesite preceded the greater part of the igneous invasion and, 
therefore, preceded the formation of the scheelite vein. 

The scheelite vein is one of two prominent, roughly east-west fea- 
tures in the area. The other is a granophyre dike, believed to have 
been originally like the others of this group but now highly altered. 
It is silicified; its original structure is destroyed; and it contains 
abundant quartz, partly in veins, much pyrite, and some brown tour- 
maline (dravite). It lies about 1800 feet northwest of the scheelite 
vein, though dikes having the same trend extend to the north and 
northeast of the vein. A pit at the south side of this dike, north of 
the tungsten camp, reveals a vein of leuchtenbergite, 5 inches wide, 
associated with tale. No scheelite has been found here, so far as the 
writers are aware. Apparently both the vein and the dike have been 
channels for igneous invasion and subsequent high-temperature min- 
eralization followed by a lower-temperature type. 

As the vein fracture, which is at an angle to the usual northwest 
trends of structural features in the area, is followed by igneous rock, 
it antedated that rock. It is not definitely known whether the vein 
contained any mineral deposit prior to the emplacement of the perthitic 
orthoclase dike. Brucite in magnesite, near the vein, suggests that 
possibly brucite may have occupied the vein before the igneous inva- 
sion. The minerals of the contact group listed above and the vein 
minerals of the early and intermediate groups probably closely fol- 
lowed the igneous invasion. Tale and chlorite probably represent the 
lower-temperature stages of the same general period of mineralization. 
Chlorite bears a similar relation to the igneous rocks and contact min- 
erals in the brucite deposit. 

The probable sequence of events at the tungsten vein may be sum- 
marized as follows. 


1. Recrystallization of dolomite and formation of magnesite. 

2. Intrusion of granophyre dike. 

3. Formation of fracture and possibly some mineralization though there is 
no definite evidence. The fracture may possibly antedate the grano- 
phyre dike. 

4. Emplacement of perthitie orthoclase dike. 

5. Formation of contact minerals and vein minerals of early group (scheelite, 
quartz, vesuvianite, epidote). 

6. Formation of minerals of intermediate group (rutile, pyrite, pyrrhotite, 

tremolite, apatite). 

. Formation of tale and serpentine. 

. Formation of leuchtenbergite. 

. Post-mineral faulting. 

. Oxidation of pyrite. 
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Ficure 1. SCHEELITE-LEUCHTENBERGITE VEIN 
View from northwest toward narrow ridge containing the vein. Most of material in foreground 
and middle ground is magnesite. Hills beyond the tungsten deposit are of dolomite. 


Figure 2. LEUCHTENBERGITE 
Thin section between crossed nicols, showing typical radial aggregates. Much of the leuchtenberg- 
ite is finer grained and shows “‘salt and pepper”’ structure between crossed nicols at the same 
magnification. (Magnification X 20.) 
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EXPLANATION OF PLATE 1973 


Puiate 182 
TEXTURAL RELATIONSHIPS OF THE ORE AND COUNTRY ROCK 


Ficure 1—PErrTHITIC ORTHOCLASE DIKE. 
Thin section, between crossed nicols. Typical perthite of albite and 
orthoclase with a patch of later leuchtenbergite showing “salt and 
pepper” structure (upper left-hand corner). (Magnification 12.) 


Ficure 2—MAGNESITE WALL ROCK. 
Thin section, between crossed nicols, showing granular structure of the 
magnesite and an area of brucite (upper center right). (Magnification 
X12.) 


Ficure 3—Do.omite. 
Thin section of part of a veinlet of coarse dolomite traversing fine- 
grained dolomite. Considerable rutile and some pyrite, both black, 
occur in the coarse dolomite. (Magnification X12.) 


Ficure 4—ScHEELITE IN QUARTZ MATRIX. 
Thin section taken between crossed nicols. Quartz tends to follow 
cleavage planes of scheelite (dark gray). (Magnification X12.) 


Ficure 5—ScHEELITE, TALC, AND LEUCHTENBERGITE. 
Thin section showing scheelite (dark gray) in quartz matrix in upper 
half and aggregate of tale and leuchtenbergite containing a broken 
crystal of apatite in lower half. Darker radial areas in the lower half 
are talc. From evidence in this and other sections it appears that 
leuchtenbergite replaces both tale and quartz. (Magnification X12.) 


Fiaure 6—QUARTZ AND TALC. 
Thin section of quartz between crossed nicols, embayed and apparently 
replaced by tale (lower center). (Magnification X12.) 
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SUMMARY 


A scheelite-leuchtenbergite vein, about 900 feet in length and aver- 
aging about 4 feet in thickness, occurs in the Paradise Range, Nevada. 
The scheelite crystallized originally in quartz associated with a few 
crystals of epidote and vesuvianite, under high-temperature conditions 
of crystallization related to a granodiorite stock not far distant and 
perhaps more immediately to a perthitic orthoclase dike along the 
vein. Hydrothermal replacement has left much of the scheelite in 
lumps surrounded by rims of tale and scattered through a matrix of 
leuchtenbergite. It is believed that the scheelite in such masses is 
residual and that the matrix of quartz in which the scheelite originally 
occurred has been replaced by tale and leuchtenbergite. 

Carbonate rock, consisting of dolomite and magnesite, forms the 
wall rock on both sides of the vein. Remnants of an altered perthitic 
orthoclase dike occur along the vein channel. Granophyre dikes cut 
through both the carbonate wall rock and the vein. Post-mineral 
faults follow the vein and branch off into the wall rock in several 
places. 

Scheelite is irregularly distributed in the vein. The amount so far 
developed is small. 
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INTRODUCTION 


The Fulton formation was described from the Fulton Ward, Cin- 
cinnati, by August F. Foerste, in 1905, and regarded as the basal 
member of the Eden. The Rogers Gap was named and described 
in 1914, by Foerste,? with type section at Rogers Gap Station, Scott 
County, Kentucky. Neither formation was known in the region of 
outcrop of the other. Faunally they are much alike, by far the great 
part of each fauna being common to both. Together they constitute 
what may be called the Hridorthis nicklesi zone. Uncertainty has 
existed as to their relationship and areal extent. Bassler * has assigned 
the Rogers Gap to the uppermost Trenton, and, thus, to the pre-Fulton. 
Others have suggested that the two are possibly correlatives. At the 
type locality, the Rogers Gap is a part of the Hridotrypa aedilis zone 
and, thus, typical Trenton. The Fulton in the Cincinnati region is 
similarly a part of the Hallopora onealli zone, thus, typically Eden. 


1A. F. Foerste: The classification of the Ordovician rocks tn Ohio and Indiana, Science, n.s., 
vol. 22 (1905) p. 149-152. 
2A. F. Foerste: The Rogers Gap fauna of central Kentucky, Cincinnati Soc. Nat. Hist., Jour., 


vol. 21 (1914) p. 109-156. 
3R. 8. Bassler: Bibliographic inder of American Ordovician and Silurian fossils, U. 8. Nat. 


Mus., Bull. 92, vol. 2 (1915). 
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The subdivisions of the Eden and the Cynthiana formations as 
given by Bassler, with some additions from Foerste’s work,‘ are: 


Eprn 
North-Central Kentucky Southern Blue Grass Region of Central 
MeMicken Kentucky 
Southgate Lower Garrard (Paint Lick) 
Economy Million* 
Fulton 
CYNTHIANA 

Rogers Gap Rogers Gapt 
Gratzt Nicholast 
Bromleyt Greendale 
Greendale 


* Throughout this paper the term “Million” is used for the post-Fulton Eden below the 
Garrard sandstone, of the Central Blue Grass region. The subdivisions of the Eden at Cin- 
cinnati have not been differentiated this far south. 

+ The Rogers Gap is listed by Foerste in 4b as lower Eden. 

{In the conclusions, and earlier in the text, attention is called to the equivalence of at least 
a part of the Gratz at the type locality, and similar rock in Nicholas County, to the Rogers 
Gap. Similarly the Bromley is believed to be a northern shale facies of a part of the limestone 
sequence in central Kentucky. The Nicholas limestone is a quarry rock, and is not recognized 
in all sections in central Kentucky, in which case the Greendale is overlain by the Rogers Gap. 
The Nicholas is regarded as a limestone facies of the upper Greendale. 

These notes are based on a study, by the senior author and D. M. Young, of Cynthiana 


sections at different parts in central Kentucky. Manuscript in preparation. 

The purpose of this study has been to determine both the strati- 
graphic relationship and the geographic extent of these formations, and 
to contribute to the means of their recognition and differentiation in the 
field. Localities in fifteen counties in the Blue Grass region of central 
Kentucky were visited, sections measured, and collections made. . 
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GENERAL DESCRIPTION 


The Rogers Gap and the Fulton formations consist of fossiliferous 
limestones and shale, the Fulton usually being thinner bedded. Eri- 


4A. F. Foerste: Preliminary notes on Cincinnatian and Lexington fossils of Ohio, Indiana, 
Kentucky, and Tennessee, Sci. Lab. Denison Univ., Bull., vol. 16 (1910) p. 18; Strophomena and 
other fossils from Cincinnatian and Mohawkian horizons, chiefly in Ohio, Indiana, and Kentucky, 
ibid., vol. 17 (1912) p. 22. 
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dorthis nicklesi is characteristic of, and restricted to, these formations, 
and its distinctive appearance makes it an excellent index fossil for 
field use. The stem plates of Merocrinus curtus, also restricted to 
these beds, are similarly valuable. 

The Rogers Gap is characterized particularly by Clitambonites 
rogersensis, Platystrophia colbiensis, Cyclonema varicosum, and Eri- 


FULTON PRESENT. 


RIN) FULTON PRESENT, BUT MEROCRINUS ZONE 
POORLY DEVELOPEO 
mssne 


SCALE 
20.30 40 somies 


TENNESSEE 


Ficure 1.—Map showing occurrence of Fulton in Kentucky 


dotrypa aedilis in abundance, and a few specimens of Hallopora one- 
alli and varieties, all associated with the characteristic Hridorthis 
nicklesi and a few scattered Merocrinus stem plates. 

The Fulton in the Cincinnati region is marked by the disappearance 
of Clitambonites, Platystrophia, and Eridotrypa, and the introduction 
of such new forms as Plectambonites plicatellus, Schuchertella higgin- 
sportensis, Primitiella unicornis, and Triarthrus becki, an abundance of 
Merocrinus stem plates, Hallopora onealli, and Plectambonites rugosus. 
Plectambonites rugosus is locally common in the Rogers Gap. To the 
southwest the Fulton is less easily separated from the Rogers Gap. 
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DESCRIPTION OF LOCALITIES 
NEW RICHMOND, OHIO 


Localities 1 and 2—The section exposed along Twelve Mile Creek is typical 
Fulton and has been worked out in detail, though not described in the literature, 
by William H. Shideler. The principal purpose in visiting this locality, other 
than to examine typical Fulton, was to study the underlying beds. It was found 
that about five feet of rather heavy limestone, directly under the Fulton shales 
and limestones, contain a few Merocrinus curtus stem plates, Eridorthis nicklest, 
and an abundance of Eridotrypa aedilis, the usual Rogers Gap assemblage. The 
association of Hallopora onealli may be more apparent than real, as the contact 
may lie within the foot of thin limestone and shale from which the collection 
was made.5 


Freer 
ABOVE BASE 
LocatiTy OF SECTION DESCRIPTION 
1 (c)* 3 Thin fossiliferous limestone. Section above ¢ not 
measured. Hallopora onealli (cc) Eridorthis nicklesi, 
Merocrinus curtus (c). 
(b)* 2 Thin limestone, typically Fulton. Hallopora onealli 
(ce), Merocrinus curtus (c). 
(a)* 0 Correlated roughly with 2e. Dalmanella emacerata 


jumble at base. Merocrinus curtus (c). 


2 (A short distance 
downstream from 1) 


(e) 414 Dalmanella emacerata jumble; top of Rogers Gap. 

(d) 3144-4% Massive crinoidal limestone with Merocrinus curtus. 

(c) 2 -3'% Massive limestone. Crinoid jumble with Merocrinus 
curtus. 

(b) 2 1- to 2-inch ledge on top of massive limestone. Plec- 
tambonites rugosus (c); Merocrinus curtus. 

(a) 0 Creek level. 

* Fulton. 


BUTLER, PENDLETON COUNTY, KENTUCKY 


Locality $3—Road cuts south of Butler, Pendleton County, expose a section 
from the Jessamine through the Fairmount. There are about two feet of Rogers 
Gap (3a) exposed, with a few Merocrinus stem plates, Eridorthis nicklesi, Hete- 
rotrypa, and an abundance of Eridotrypa aedilis in heavy limestone beds. There 
may be a foot or two more, unexposed. Above this are 22 feet of Fulton (3b), 
with Eridorthis, Schuchertella higginsportensis, and an abundance of Merocrinus 
curtus and Hallopora onealli. The two formations are sharply marked, with no 
mixing of Hallopora onealli and Eridotrypa aedilis. 


CORINTH, SCOTT COUNTY, KENTUCKY 


Locality 4—A road cut, about ten miles south of Corinth in Scott County, 
gives a section through the Cynthiana and part of the Eden. Detailed study was 
made of the upper 26 feet, of which the lower 20 feet is Rogers Gap, with Clitam- 


5 Throughout this paper, intervals not represented are not necessarily covered. Small roman 
letters indicate as follows: ‘‘cc’—very common; ‘‘c’’-—common; ‘‘x’”—present. 
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CHARACTERISTIC ASSEMBLAGE 


ROGERS GAP FULTON 


ARTHROPORA CLEAVELANDI 
ARTHROPORA SHAFFERI 
BYTHOPORA ARCTIPORA 
ESCHAROPORA ACUMINATA 
ESCHAROPORA FALCIFORMIS 
ERIDOTRYPA AEDILIS* 
HALLOPORA ONEALLI AND VARIETIES 


HALLOPORA DUMALIS 
RHINIDICTYA PARALLELA 


CLITAMBONITES ROGERSENSIS 
DALMANELLA EMACERATA 
DALMANELLA MULTISECTA 
ERIDORTHIS NICELESI 
PLATYSTROPHIA COLBIENSIS 
PLECTAMBONITES PLICATELLUS 
PLECTAMBONITES RUGOSUS el 
SCHUCHERTELLA HIGGINSPORTENSIS 


BOLLIA UNGULOIDEA 
BYTHOCYPRIS CYLINDRICA 
CERATOPSIS CHAMBERSI 
PRIMITIA CENTRALIS 
PRIMITIELLA UNICORNIS 
ULRICHIA NODOSA 


BELLEROPHON ROGERSENSIS 
CYCLONEMA VARICOSUM 
FUSISPIRA SULCATA 


LEPIDOCOLEUS JAMESI 
MEROCRINUS CURTUS 


ACIDASPIS, SP. 

CALYMENE GRANULOSA 
CRYPTOLITHUS TESSALLATUS 
PSEUDOSPHEREXOCHUS, SP. 
TRIARTHRUS BECKI 


*Some of these are probably Eridotrype 


briareus, but in their smaller size and the 

b of the ded base as preserved they 
have been referred to E. aedilis throughout EEE «(CON ION 

the paper. COMMON 


Figure 2.—Rogers Gap-Fulton characteristic assemblage 


bonites rogersensis, Eridorthis nicklesi, Platystrophia colbiensis, a limited number 
of Merocrinus in the upper beds, and a few Hallopora onealli, all associated with 
Eridotrypa aedilis. 

Overlying the Rogers Gap is a 6-foot zone of abundant Merocrinus, giving it 
a Fulton aspect. The lower 3 feet show a mixture of Hallopora onealli and 
Eridotrypa aedilis, with Hallopora dominating. The upper 3 feet are typical 
Fulton, with Eridotrypa missing and an abundance of Hallopora, together with 
Plectambonites plicatellus, Primitia centralis, and Eridorthis nicklesi. 
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TaBLe 1.—Faunal list from New Richmond, Ohio, and Butler, Kentucky 


DESCRIPTION OF LOCALITIES 


Fossil 


1c* 


Hallopora dumalis.... 


Acidaspis, 
Calymene granulosa....... 
Cryptolithus tessallatus.... 


* Fulton. 


¢ 8a:.—an exposure a hundred yards to the south of 3a. 


4 

1981 

i : 

Locality 

2 | 2¢ | 2e | ta* | 10* | | | 3a | Sat 

Merocrinus x x © c c c c 

Lepidocoleus co c 
Rhinidictya parallela............ x x x x 4 
Dalmanella emacerata........... x co cc cc cc c ec i 


Locality 


4 (g)* 
(f) 
(e)* 
(d) 
(c) 
(6) 
(a) 


* Fulton. 


LocaLitTy 
5 (d) 


(c) 
(b) 


Freer 
ABOVE BASE 
OF SECTION 


91 -93 
8844- 90% 
87 -88% 
84 -85% 
79 -81 


72 -74 
65 
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DEscrRIPTION 
Plectambonites rugosus (cc), Merocrinus curtus, Hallo- 
pora onealli in thin limestone. 
Thin limestone and shale. Dalmanella emacerata, 
Merocrinus curtus stem plates, Eridorthis nicklest. 
Medium heavy limestone. Merocrinus stem plates 
(cc). 
Heavy crystalline ledge, source of loose slabs on top of 
cut. Eridorthis nicklesi, Clitambonites rogersensis. 
“Concretionary ” limestone. 


ROGERS GAP STATION, SCOTT COUNTY, KENTUCKY 


Localities 6 and 6—This is the type section of Foerste,* in Scott County. 
Collections from the lower 12 feet show the usual Rogers Gap fauna with Frido- 
trypa aedilis. Bryozoans were nc+ found in ledges at the 14- and 16-foot levels. 
Placing these beds with the Rogers Gap is based on negative evidence, the 
absence of Merocrinus and the more definitely proved absence of that horizon 
in other central Kentucky exposures, together with the southward wedging of the 
Fulton, as shown in the two preceding sections. 


ABOVE BASE 
OF SECTION 


17 -18 


16 


DESCRIPTION 
Plectambonites rugosus (cc) in heavy limestone at top. 
Million. The fauna collected from specimens weath- 
ered loose just above, includes Plectambonites rugosus 
(cc), Hallopora onealli and varieties communis and 
sigillaroides (cc), Dekayella sp., Coeloclema commune 
(c), Dalmanella emacerata, Hebertella sinuata. 
In thin- to medium-bedded limestone. Escharopora 
acuminata, Eridorthis nicklesi, Plectambonites rugosus. 
Thin limestone layers, Escharopora falciformis, Cera- 
moporella sp., Rhinidictya parallela, Eridorthis nicklesi, 
Plectambonites rugosus (c), Cyclora minuta (cc), Bollia 
unguloidea, Ceratopsis chamberst. 
Mostly shale and thin-bedded fossiliferous limestone, 
with Escharopora acuminata (c), Escharopora falciformis 
(c), Rhinidictya parallela, Bythopora arctipora, Arth- 
ropora cleavelandi, Eridotrypa aedilis (c), Plectambonites 
rugosus, FEridorthis nicklesit, Dalmanella emacerata, 
Zygospira modesta, Cyclora minuta (c), Ceratopsis 
chambersi, Ctenobolbina ciliata, Cryptolithus tessallatus. 
Coarse-grained, massive limestone at about track level 
(top of Nicholas ?). 


6A. F. Foerste: The Rogers Gap fauna of central Kentucky, Cincinnati Soc. Nat. Hist., Jour., 


vol. 21 (1914) p. 109-156. 
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1983 


TaBLe 2.—Faunal list from road cut ten miles south of Corinth, Scott County 


Locality 
Fauna 

4a 4b 4c 4d 4e* 4f* 49* 
Merocrinus curtus....... x ce ce co 
Arthropora cleavelandi.......... x x x x x 
Escharopora acuminata.........|)........ c x x c x c 
Rhinidictya parallela........... c x c 
x x x x 


ff 
| 
* Fulton. 
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Locality 6 is a railroad cut one and a half miles north of Rogers Gap. Nothing 
could be found, either in place or loose, indicating Fulton. Foerste’ lists 
“Strophomena” (Schuchertella) higginsportensis from the cut half a mile to the 
south. This species is more commonly a Fulton form. 


6 (9) 


(6) 
(a) 


(e) 


(d) 
(c) 
(0) 


Fret 


ABOVE BASE 
OF SECTION 


18 -21 


16 -17 


-16 


Heavy crinoidal limestone. Million. Plectambonites 
rugosus (cc), Hallopora onealli (cc), Hallopora onealli 
communis, Coelaclema commune, Stigmatella ? sp. 
Heavy crystalline limestone with almost no fossils 
preserved. Cyclora minuta, Plectambonites rugosus, 
Ectenocrinus stem plates. 
Limestone and shale, mostly covered. 
Loose slabs of thin limestone. Plectambonites rugosus 
(c), Eridorthis nicklesi (c), Zygospira recurvirostris, 
Eridotrypa aedilis, Escharopora acuminata, Ceratopsis 
chambersi (c). 
Heavy limestone with Plectambonites rugosus (c), 
Cyclora minuta. 
Covered, mostly shale. 
Heavy crystalline limestone. Eridorthis nicklesi (c), 
Plectambonites rugosus (c), Zygospira recurvirostris, 
Bythopora arctipora, Escharopora acuminata (c), 
Rhinidictya parallela, Cyclora minuta. 


CYNTHIANA, HARRISON COUNTY, KENTUCKY 


Localities 7, 8, and 9.—In a quarry two miles east of Cynthiana, on the Oddville 
Pike, Harrison County (Locality 7), the Rogers Gap is overlain by the Million. 
Locality 8 is a quarry, four miles northeast of Cynthiana, on the Oddville Pike; 
Locality 9 consists of hillside exposures, across the road from Locality 8. 


7 Ibid., p. 114. 


Million Plectambonites rugosus (cc), Hallopora oneall 
(cc). 
Top of Rogers Gap. Barren shale. 
Arthropora cleavelandi, Bythopora arctipora, Eridotrypa 
aedilis, Escharopora acuminata, Rhinidictya parallela 
(c) Clitambonites rogersensis, Eridorthis nicklesi, Plec- 
tambonites rusosus, Zygospira modesta, Cyclora minuta, 
Ceratopsis chambersi. 
“Concretionary” layer with Plectambonites rugosus (c)i 
Clitambonites rogersensis. 
Heavy crystalline limestone. 
Six-inch shale parting. 
Eridorthis very common in top six inches. steer 
cleavelandi, Constellaria emaciata, Eridotrypa aedilis (c), 


on 
n 
(e) 

@ 9 

(c) 8-11 

4- 
2-4 

or ABOVE BASE 
Locauirs OF SECTION 
7 @) 

(9) 15 -16% 
15 
13-15 
‘a 

114-13 

11 -11% 

10%- 11 
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Fret 
ABOVE BASE 
Locauity OF SECTION DEscRIPTION 
Rhinidictya parallela, Dalmanella emaceraia, Platy- 
strophia colbiensis, Plectambonites rugosus, Cyclora 
minuta, Calymene sp., Ceratopsis chambersi. 
(a) 0 -i1l Nicholas ? Heavy crystalline limestone, no shale. 
8 Eridorthis near top (Nicholas ? below). Does not 
reach Plectambonites rugosus ledge. 
9 (c) No Fulton could be found. Eridorthis nicklesi (c), 
Clitambonites rogersensis, Eridotrypa aedilis. 
(b) Covered. 
(a) Ostracods very common in hard limestone in creek 


bottom, 28 feet below 9c. 


HUTCHISON STATION, BOURBON COUNTY, KENTUCKY 
Locality 10—The Rogers Gap is overlain by the Million. 


Fret 
ABOVE BASE 
Locauity OF SECTION DEscRIPTION 
10 (c) ’ Million. Plectambonites rugosus (cc). 
(b) 6 -7 Usually covered, shale. 
(a) 0 -6 Rogers Gap with Clitambonites and Eridorthis nicklest 


Plectambonites rugosus (c), Eridotrypa aedilis (c). 
Taste 3—Faunal list for Locality 10, below the Million (10a) 


Lepidocoleus jamesi Clitambonites rogersensis 
Dalmanella emacerata (cc) 
Arthropora cleavelandi (c) Eridorthis nicklesi (c) 
Bythopora arctipora (c) Pholidops cincinnatiensis 
Ceramoporella sp. Platystrophia colbiensis 
Escharopora falciformis (cc) Plectambonites rugosus 
Eridotrypa aedilis (c) Rafinesquina sp. 
Hallopora onealli Zygospira modesta (cc) 
Hallopora dumalis 
Rhinidictya parallela (cc) Cyclora minuta (c) 
Tiospira sp. 
Byssonychia sp. 
Calymene sp. 
Orthoceras sp. Cryptolithus tessallatus 
Isotelus gigas 
Bythocypris cylindrica Pseudospherexochus sp. 
Ceratopsis chambersi (cc) 
Primitia centralis Cornulites bellestriata 
Conodont 


LEXINGTON RESERVOIR, FAYETTE COUNTY, KENTUCKY 


Locality 11—The Rogers Gap is well developed along the north edge of the 
reservoir and in a quarry just south of it. The thickness was not determined. At 
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the top of the quarry a crinoid jumble, comprising three inches to a foot of 
limestone, marks the base of the Fulton. The thickness can hardly exceed two 
feet, with Eridotrypa aedilis very common just below, and the Million above. 


Taste 4.—Faunal list for Locality 11 (Fulton) 


Ceramoporella sp. Dalmanella emacerata 
Eridotrypa aedilis Plectambonites rugosus (c) 
Hallopora onealli (c) Rafinesquina winchesterensis 
Rhinidictya parallela Zygospira modesta 
Ectenocrinus stem plates (c) Cyclora minuta 


Merocrinus curtus (c) 
CLAY’S FERRY, NORTHERN MADISON COUNTY, KENTUCKY 


Locality 12—A similar thickness is found in the section exposed in the new 
road cuts at Clay’s Ferry, twelve miles south of Lexington. These are too fresh 
to show much of the limestone surfaces but the thickness of the Fulton can 
hardly exceed two or three feet. 


Taste 5.—Faunal list for Locality 12 (Fulton) 


Eridotrypa aedilis Dalmanella emacerata 

Hallopora onealli Eridorthis nicklesi 

Rhinidictya parallela Plectambonites rugosus (c) 
Zygospira modesta 


Ectenocrinus stem plates (cc) 
Merocrinus curtus (c) Isotelus gigas 


HICKMAN FAULT ZONE, NORTHERN JESSAMINE COUNTY, KENTUCKY 


Locality 13—Six miles northeast of Nicholasville near the line between Fayette 
and Jessamine counties, in an unmeasured section of a few feet in the drag of 
the West Hickman fault zone, the Merocrinus curtus zone is well developed. 
Three slabs were collected. One from the lower part (a) has a mixture of Hallo- 
pora onealli and Eridotrypa aedilis. In the upper part (b) and (c), Eridotrypa 
is not present, and the Merocrinus stem plates are more numerous. This upper 
part, at least, is Fulton. Other exposures in that vicinity show it not to exceed 
two or three feet in thickness. 


Taste 6—Faunal list for Locality 18 


a b* c* 
Ectenocrinus simplex Ectenocrinus simplex (c) 
Merocrinus curtus Merocrinus curtus (c) Merocrinus curtus (cc) 
Eridotrypa aedilis 
Hallopora onealli Hallopora onealli Hallopora onealli 
Dalmanella emacerata (cc) Dalmanella emacerata (c) Dalmanella emacerata (c) 
Rafinesquina alternata Rafinesquina alternata 
R. winchesterensis Plectambonites rugosus (cc) 
Zygospira modesta 
Cyclora minuta 
Calymene granulosa Byssonychia sp. 


* Fulton. 
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DESCRIPTION OF LOCALITIES 1987 


CARLISLE, NICHOLAS COUNTY, KENTUCKY 
Localities 14, 16, and 16—Locality 14 is a quarry; Locality 15, a road cut, 
4 miles northeast of Carlisle, Nicholas County; Locality 16, 7 miles northeast, 
near Cassady School in Nicholas County. The Rogers Gap has something of 
the lithologic character of the Gratz as exposed in Henry County, on the western 
side of the Cincinnati Arch. This resemblance to the:Gratz will be discussed 
later. 


Fret 
ABOVE BASE 
Locality OF SECTION DESCRIPTION 
14 (c) Mostly barren limestone and shale. : 
(b) 2 -6 Fossiliferous ledge with Eridorthis and abundant 
inches Rhinidictya and other bryozoans. 
(a) Nicholas quarry rock. 
15 (d)* 21 Top of exposure. Heavy crinoidal limestone. Small 
collection with Eridorthis. 
(c) 20 One-half- to three-inch layers of coarse- and fine-grained 
limestone. 
(b) 81% _ Six inches to one foot of coarsely crystalline limestone 
(Small collection). 
(a) 0 Coarsely crystalline, heavy, rippled ledge at top of 
Nicholas with Eridorthis nicklest. 
16 (f) 22 Miliion. Plectambonites rugosus (cc). 
(e)* 21144 One to two inches of argillaceous limestone. (Collec- 
tion.) 
(d)* 20 Heavy crystalline limestone with few bryozoans. 
(c) 1914‘ Eridorthis in conglomeratic limestone. 
(b) 0 -19 Barren fine-grained limestone and shale. 
(a) 0 Ripple-marked Eridorthis layer at top of Nicholas. 


* Fulton. 


There is no great development of Merocrinus in the section at locality 16, but 
a satisfactory contact may be recognized just above (16c). 


RUCKERVILLE, CLARK COUNTY, KENTUCKY 


Locality 17—Railroad cut, 2% miles northwest of Ruckerville in Clark County. 
This ig the usual succession, with the Rafinesquina jumble well developed just 
below the Rogers Gap. Fusispira and Clitambonites were found loose below. 
The upper seven feet of crinoidal limestone (horizon c) was collected from 
zonally; Merocrinus was found only in ce: and only a single specimen. In asso- 
ciation with Eridorthis and many specimens of Hallopora oneallt it would seem 
that c: and the higher beds are Fulton, leaving little for the Rogers Gap. The 
single specimen of Eridotrypa aedilis (cs) at the top is not exceptional, as that 
species has been found in clearly defined Fulton elsewhere. 


H 


LocaLiTy 
17 (c)* 


(0) 


(a) 


* Fulton. 


feet. 


(a) 
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2 -14 


0-2 


DESCRIPTION 


Thin-bedded limestone with much shale in the lower 
part, grading upward into seven feet of one-foot 
crinoidal layers with very little shale. Plectambonites 
rugosus is common just above. 

Greendale. Rather thin, argillaceous limestone, char- 
acterized by repeated occurrences of zones of jumbled 
Rafinesquina winchesterensis. Common fossils include 
Rafinesquina winchesterensis, Platystrophia colbiensis, 

Hebertella occidentalis, Hebertella sinuata, Cyclonema 
varicosum, Heterotrypa sp. 

Heavy crystalline limestone. 


AGAWAM STATION, CLARK COUNTY, KENTUCKY 


Locality 18—A Louisville and Nashville Railroad cut, 7 miles southwest of 
Winchester in Clark County, marks Locality 18. The Million apparently begins 
with (h), possibly with (g). The beds overlying the Rafinesquina rubble of (a) 
and up through (d) are referred to the Rogers Gap; (e) is not well defined, but 
Platystrophia colbiensis would seem to refer it to the Rogers Gap. This leaves 
only a limited zone for the Fulton, which here is not marked off by its usual 
development of Merocrinus. Fusispira, associated with Hallopora, is found in 
(f); (g) may also be Fulton. This gives it a maximum thickness of four to five 


DESCRIPTION 


(k) and above, shale dominant. 

(e) to (7), limestone progressively more massive with 
less shale. Upper part almost without shale, and lime- 
stone weathering into 3- to 8-inch layers, variable in 
character from crystalline to fine-grained silty. Some 
fine-grained limestone full of gastropods. 

Hallopora onealli (c) 

Million. Plectambonites rugosus (c). Mat of small 
Hallopora onealli in lower part. 

Concretionary, siliceous limestone. 

Fossiliferous limestone. Occasional Plectambonites 
rugosus, Hallopora onealli (cc) 

Fusispira. 


Somewhat crinoidal limestone. Fridotrypa aedilis (c), 
Plectambonites rugosus (c). 

Plectambonites rugosus (c) 

Collection. 

Rubble, largely Rafinesquina, at track level. (Green- 
dale) 


4 
a ABOVE BASE 
OF SECTION 
ef] 
14 -25 
| 
| 
Freer 
ABOVE BASE 
Locality OF SECTION 
Soe 18 (m) 35 
(k) 33 
a 
(i) 27 
(h) 26 | 
4 (91) 25 
@) | 
21-22 | 
(e) 21 | 
(d) 1814-20 
() 18% | 
12 | 
0 -12 | 
* Fulton. 
~ 
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DESCRIPTION OF LOCALITIES 


Taste 7—Faunal list from Carlisle and Ruckerville, Kentucky 


1989 


Fossil 

14c | 14d* 
Ectenocrinus simplez......... 
Merocrinus curtus........... 
Lepidocoleus jamesi.......... 
Arthropora cleavelandi....... 
Bythopora arctipora.......... 
Ceramoporella sp............ 
Escharopora acuminata.......) x x 
Escharopora falciformis...... 
Escharopora cf. pavonia...... 
Eridotrypa aedilis........... 
Hallopora onealli........... x x 
Hallopora onealli 
Rhinidictya parallela......... 
Dalmanella emacerata........ 
Dal Ua multisecta........ 
Eridorthis nicklesi........... 
Platystrophia sp............. 
Plectambonites plicatellus..... 
Plectambonites rugosus....... 


Rafinesquina winchesterensis..|.... 
Schuchertella higginsportensis..}. 


14e* | 156 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 
x 


Locality 
| 15d* | 166 | 17c9*| 17c3*| 17c4*| 17¢5* 

ec | ce c 
Bihsiecleccdoers x x x x 


Zygospira modesta........... 
Zygospira recurvirostris...... 

Orthoceras ep............... 
Calymene 
Pseudospherezochus sp....... 
Bythocypris cylindrica....... 
Leperditella macra........... 
Primitia centralis........... 
Primitia impressa........... 

* Fulton. 
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1992 MC FARLAN, FREEMAN—ROGERS GAP AND FULTON FORMATIONS 


LocaLiTy 
19 G) 


(i) 
(h) 
(g)* 
(f) 
(e) 
(d) 


(c) 
(b)-(c) 
(b) 


(a) 
20* 


21* 
22 (b) 


(a) 


* Fulton. 


FORD, CLARK COUNTY, KENTUCKY 


Localities 19, 20, 21, and 22.—Locality 19 is in a Louisville and Nashville Rail- 
road cut, one mile east of Ford in southwestern Clark County. There is about 
eight feet of the Rogers Gap. Between this and the Plectambonites rugosus 
jumble, which marks the Million, Plectambonites plicatellus occurs associated 
with Hallopora onealli. The Merocrinus zone is not well marked. Locality 20 
is about halfway between Ford and Locality 19, on the north side of track; 
Locality 21 is a weathered cut on the south side of track across from Locality 20; 
Locality 22 is a ledge two feet above the track, east of Locality 19. 


Fret 
ABOVE BASE 
OF SECTION 
32 
28 -29 
26 
23 
21 
16%- 1634 
124%- 13% 
11 -12 

7 -10 
0-7 
0 
2 
0-2 


DEscRIPTION 
Heavy limestone full of Plectambonites rugosus. 
Plectambonites rugosus (c). Jumbled at base. 
Plectambonites rugosus (c) in thin slabs. 
Argillaceous, fossiliferous, hummocky limestone, with 
Dalmanella emacerata, Plectambonites plicatellus. An 
occasional Merocrinus stem plate. 
Heavy crinoidal limestone. Occasional Merocrinus 
stem plates. Hallopora onealli. 
Plectambonites rugosus (c), Eridorthis nicklesi, Erido- 
trypa aedilis. 
Wave-marked 6- to 12-inch layer (2 to 3 feet above 
track level at Riverside Station). Crinoidal limestone 
with an abundance of small reddish fossil fragments. 
Foerste refers to Eridorthis in the beds just below.® 
Abundant Rafinesquina and Heterotrypa. 
Argillaceous limestone and shale, more or less barren 
except for trilobite fragments. 
Rafinesquina rubble, Platystrophia colbiensis, many 
bryozoans. 
Track level. 
From zone within three feet of Plectambonites rugosus 
zone. 
Just below Plectambonites rugosus jumble. 
Traced to Locality 19d, ripple-marked. Plectambo- 
nites rugosus (c) above this ledge at water tank—i. e., 
just below 19e. 
(0-track level). Collected from rock underlying the 
Eridorthis ledge. Bryozoa common. Foerste lists 
Eridorthis from these beds.® 


SILVER CREEK, NORTHERN MADISON COUNTY, KENTUCKY 


Locality 23—Locality 23 is 5 miles south of Million in Madison County. There 
is no well-developed Merocrinus zone, only a single specimen in a loose slab 


8A. F. Foerste: The Rogers Gap fauna of central Kentucky, Cincinnati Soc. Nat. Hist., Jour., 
vol. 21 (1914) p. 118. 
® Ibid., p. 109-156. 
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DESCRIPTION OF LOCALITIES 1993 


having been found. The Rogers Gap is well developed, but the authors are 
unable to draw a satisfactory boundary separating it from the Fulton, particu- 
larly with the meager development of Merocrinus. Horizon (f), in the intro- 
duction of an abundance of Hallopora onealli, would seem satisfactory, but the 
recurrence of Eridotrypa in abundance in (g) and (h), almost to the exclusion 
of Hallopora, is another matter. Both are regarded as being present with a total 
thickness of about 27 feet. Horizon (k) is Million. — 


ABOVE BASE 
Locality OF SECTION DEscRIPTION 
23 (k) 27 Heavy rippled layer. Million. Plectambonites rugo- 

sus (cc). : 

(j)* 26 Hallopora onealli (ce). 

(i)* 25 Gastropod layer, Bellerophon. 

(hA)*? =—-24 Escharopora falciformis (c), two inches above Plec- 
tambonites rugosus (c), Eridotrypa aedilis (c). 

(g)*? 2314 Large Escharopora falciformis (c), Eridotrypa aedilis 
(ce), occasional Hallopora onealli. 

(f)*? 21% Crinoidal laminae in Dalmanella jumble. Hallopora 
onealli (c). 

(e) 204% Eridorthis in conglomeratic limestone with flattened 
“pebbles” of fine-grained limestone. 

(d) 19 Dalmanella slab. 

(c) 12 -15 Mostly barren shaly limestone. Dalmanella emacerata 
(ec). 

(b) 12 Escharopora falciformis, Dalmanella emacerata (cc). 

(a) 0 - 6 Creek exposure, Eridotrypa aedilis (c),Hallopora onealli 


communis, Lichenocrinus, Cyclonema varicosum, Fusi- 
spira sulcata, Rafinesquina squamula common with 
Rafinesquina jumble just above. 
* Fulton. 
DANVILLE VICINITY, WESTERN LINCOLN COUNTY, KENTUCKY 


Locality 24—A semi-abandoned county road cut, 5 miles southeast of Dan- 
ville, in Lincoln County, marks Locality 24. The Merocrinus zone (e)-(f) is 
present, but only the upper part (f) can be referred to the Fulton with certainty. 
The fewer Merocrinus plates of (e) are associated with an abundance of Erido- 
trypa aedilis. The underlying 12 feet of the section shows an association of 
Hallopora and Eridotrypa. 


Fret 
ABOVE BASE 
Locality OF SECTION DESCRIPTION 
24 (9) 25 -26 Million. Heavy ledges of crinoidal limestone with no 
Merocrinus. Plectambonites rugosus (cc). 
(f)* 21 -25 Loose 1- to 3-inch slabs with Merocrinus curtus (ce), 
Hallopora onealli (c), Dalmanella emacerata (cc). 
(e)*? 20 -21 Plectambonites rugosus (c), Rafinesquina winchesterensis, 
Merocrinus curtus (c), Eridotrypa aedilis (c). 
(d)*? 15 -16 Hallopora onealli, Dalmanella emacerata (cc). 
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1994 MC FARLAN, FREEMAN—ROGERS GAP AND FULTON FORMATIONS 


ABOVE BASE 
LocaiTy OF SECTION DuscriPtion 
(c) 8 Dalmanella emacerata (cc), Eridorthis nicklesi. 
(b) 6 Crinoidal limestone with Dalmanella emacerata, Erido- 
trypa aedilis. 
(a) 0 Fine-grained to dense gastropod ledge, with Dalma- 


nella emacerata (c). 


PERRYVILLE, BOYLE COUNTY, KENTUCKY 


Locality 26—About 4 miles south of Perryville, on the road to Brumfield, in 
Boyle County, is Locality 25. The Rogers Gap (a-k, in whole or in part) is 
overlain by 7 feet (l-n) of Fulton. This marks the top of the exposed section. 
The section below (k) was not studied and may include more than the Rogers 
Gap. 


Fret 
ABOVE BASE 
Locality OF SECTION DEscRIPTION 
25 (n)* 34 Hilltop and top of exposure. Merocrinus curtus, 
Eridotrypa aedilis, Hallopora onealli. 
(m)* 30 Merocrinus curtus (cc), Dalmanella emacerata, Erido- 
trypa aedilis, Hallopora onealli. 
()* 27 Merocrinus curtus (cc), Dalmanella emacerata (cc), 
Hallopora onealli. 
(k) 25 Merocrinus curtus, Plectambonites rugosus (c). 
Qj) 24 Gastropods and Zygospira modesta (cc). 


(i) Resembling (f). 
(h) 19 -20 Gastropods and Zygospira modesta (cc). 

18 Heavy ledge with few bryozoans. Dalmanella emace- 
rata (cc), Plectambonites rugosus, Rafinesquina (cc) 


just below. 

(f) Shale and gastropod limestone. 

(e) 13 Bryozoan ledge. 

(d) 7 -12 Mostly barren shale and limestone. 

(c) f Cyclonema varicosum (c). 

(b) Barren shale, gastropod limestone. 

(a) 0 Prominent crinoidal ledge, with many bryozoans and 
Dalmanella. 


* Fulton. 
SINAI POST OFFICE, ANDERSON COUNTY, KENTUCKY 


Localities 26, 27, and 28—Cuts on road going south fromm Lawrenceburg-Bards- 
town road, about half a mile south of intersection, near Sinai Post Office in 
Anderson County form Locality 26; cuts on main road from Lawrenceburg to 
Bardstown just west of intersection, Locality 27; cut on side road at intersection, 
Locality 28. 

The Merocrinus zone, possibly 15 feet thick, is unusual in that Eridotrypa 
aedilis seems to dominate over Hallopora onealli to the top, where Merocrinus 
is present in great numbers. The underlying 25 to 30 feet in Locality 26 are 
Rogers Gap. 
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Tastes 9.—Faunal list from Silver Creek and vicinity of Danville 


Locality 
Fossil 
23c | 23d | 2e | 23f* | | | | 23j* | 24c | 24d*? | Vhe*? | 247% 
Hallopora onealli...... x c x x c co x @ d 
Dalmanella emacerata.... ei x c x ce cc x cc 
Rafinesquina winchesterensis|....)....|....| xX x = x x i 
Tootelus GO] x x B x 
* Fulton. 
4 
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Fert 
ABOVE BASE 
Locality OF SECTION DESCRIPTION 
26 (f) 48 - Million. Plectambonites rugosus (c). 
(e)* 46 -48 Eridotrypa aedilis (cc), Hallopora onealli (c). 
Covered 
(d) 35 Eridotrypa aedilis more common than Hallopora 
onealli. 
(ce) 15 -27 To base of crinoidal, heavy crystalline limestone. 
Gastropod zone just beneath. LZridorthis nicklesi, 
Heterotrypa parvulipora. 
(b) 11 Eridorthis nicklesi associated with Heterotrypa par- 
vulipora. 
(a) 5 Gastropod layer. Rafinesquina winchesterensis (cc). 


27 (e)* ll -14 Merocrinus (cc), Hallopora onealli, Eridotrypa aedilis. 
(d)* 8 -11 Loose fossiliferous slabs weathering out. Eridotrypa 
aedilig more abundant than Hallopora onealli. 


(c)* 8 3- to 4inch layer, with Merocrinus and Eridorthis. 
Eridotrypa aedilis more abundant than Hallopora 
onealli. 

(b)* ye 8 Covered. 

(a)*? 0 - % Crystalline crinoidal limestone with Merocrinus. 

28* Merocrinus common in zone about 3 feet thick. Zri- 


dorthis in ledge one foot lower with few Merocrinus. 
* Fulton. 


INTERSECTION OF MIDLAND TRAIL AND LAWRENCEBURG ROAD, 
FRANKLIN-SHELBY COUNTY LINE, KENTUCKY 


Locality 29—At the intersection of the Midland Trail and the road to Law- 
renceburg, near the Shelby-Franklin county line is Locality 29. The Rogers Gap 
(thickness uncertain) is overlain by a well-marked Merocrinus zone. Horizon 
(b) is typical of the upper Rogers Gap. Horizon (c) is regarded as Fulton in 
spite of Eridotrypa, because of the great development of Merocrinus. 


Fret 
ABOVE BASE 
LocaLiTy OF SECTION DESCRIPTION 
29 (e) Million. Abundant Plectambonites rugosus. 
(d)* § -7 Dalmanella common in crinoidal limestone, with no 


Merocrinus. Much shale and Eridorthis nicklesi, 
Hallopora onealli (c), Eridotrypa aedilis. 

(c)* 2-5 Abundant Merocrinus with Eridorthis in thin lime- 
stone and shale. LEridotrypa aedilis. 


(6) 0-2 Heavy crystalline limestone full of Hridorthis, thinner 
above accompanied by Merocrinus stem plates occa- 
sionally (Rogers Gap). 

(a) Thin-bedded, crystalline limestone with a minimum of 


shale (Correlation ?). 
* Fulton. 
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DESCRIPTION OF LOCALITIES 


Taste 10—Faunal list from Perryville and Sinai Post Office 


1997 


Locality 
Fossil 

25k) 251* | 25m* | 25n* | 26a | 26c | 26d | 26e* | 27a*? | 27c* | 27d* | 27e* | 28% 
Merocrinus curtus......... ce cc x x cc c c cc | cc co 
Eridotrypa aedilis.............. ot x x ol c c x 
Hallopora onealli.............. x c x x x| ct x x x x Be 
Dalmanella emacerata. ........ x cc c x © ce c x 

* Fulton. 


t (e) 46-28, rest of fauna from (e) and (f) uudifferentiated. 
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This section is remarkable in the complete domination of the Merocrinus zone (c) 
by Eridotrypa. 
OLD CROW DISTILLERY, FRANKLIN COUNTY, KENTUCKY 


Locality 30—This section, near the mouth of Glenn’s Creek, Franklin County, 
was described in some detail by Arthur M. Miller1° The lower 3 or 4 feet of 
the Eden is Fulton. Presumably, the Rogers Gap is present but was not differ- 


entiated. 
GRATZ VICINITY, HENRY COUNTY, KENTUCKY 


Locality 31—Road cuts in Henry County, across the river from Gratz, Owen 
County, form Locality 31. This is Ulrich’s type locality for the Gratz forma- 
tion11 The Merocrinus zone (g-j) overlies a series of almost barren shales and 
limestones (Gratz) which contain in at least the upper third (f) fragments of 
Eridorthis and throughout a few Merocrinus stem plates (d-f). This (d-f) is 
regarded as Rogers Gap. In the Merocrinus zone (Fulton) Eridotrypa recurs in 
considerable numbers in (i), replacing and overlying the Hallopora onealli fauna 
of (h). Above this is a zone of relatively barren shales and limestones (1) over- 
lain by the usual Eden (m). 


Freer 
ABOVE BASE 
LocatiTy OF SECTION D=scrRIPTION 
31 (m) 59 Plectambonites rugosus (cc). 

@) 50 -59 Barren shale and fine-grained, siliceous limestone. 

(k) 50 Culvert. 

(j)* 47 Merocrinus jumble. 

42 -44 Merocrinus (cc) in conglomeratic limestone. 
dorthis nicklesi (c). 

(h)* 40 -42 Collection. 

(g)* 39 Merocrinus ledge. 

(f-9) Barren. 

(f) 32 -33 Heavy crinoidal limestone and shale. Occasional 
Merocrinus and Eridorthis. 

(e) 22 -32 Mostly barren limestone and shale. 

(d) 18 -—22 3- to 6-inch limestone layers. Occasional Merocrinus. 
(Rogers Gap.) 

(c) 10 -18 Mostly barren. 

(b) 6 -10 Fossiliferous limestone with Eridotrypa aedilis (cc) 
(“Bromley”). 


DELVILLE, HENRY COUNTY, KENTUCKY 


Localities 82 and 33.—Five and a half miles northeast of New Castle (one- 
fourth mile north of Delville, Henry County) on Drennan Creek in Henry County 
is Locality 32 and two miles north of Delville is Locality 33. At the latter place 


2 Arthur M. Miller: Geology of Franklin County, Kentucky, Kentucky Geol. Surv., ser. 4, 


vol. 2, pt. 3 (1914) p. 21. 
2 O. Ulrich: unpublished. 
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Taste 11.—Faunal list from Shelby-Franklin county line and from Gratz 


Locality 
Fossil 
29b | 20d* | 31d | 31f | | 31A* | | 31l 
Merocrinus x x x c c 
Dalmanella co x x x 


* Fulton. 


A 
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there is exposed a series of shales with some fine-grained limestone. Merocrinus 
stem plates are found in moderate numbers. Plectambonites plicatellus is com- 


paratively common. 


FEET 
ABOVE BASE 
Locality OF SECTION 


32* 0 -10 


DESCRIPTION 


Creek exposure in tributary. Fulton with Plectam- 
bonites plicatellus and Hallopora onealli. 
Creek exposure. Plectambonites plicatellus. 


TaBLe 12—Faunal list from Delville 


Locauity 32* 
Ectenocrinus simplex 
Merocrinus curtus (c) 
Lepidocoleus jamesi 
Arthropora cleavelandi 
Hallopora onealli 
Peronopora vera (c) 
Dalmanella emacerata (c) 
Pholidops cincinnatiensis (c) 
Plectambonites plicatellus (c) 
Rafinesquina alternata ? 
Zygospira modesta 
Bellerophon rogersensis 
Cyclora minuta (c) 
Lophospira bicincta (c) 
Orthoceras sp. 

Calymene granulosa (c) 
Cryptolithus tessellatus 
Tsotelus gigas 


2. 
Di, 


Aparchites minutissimus 
Bollia unguloidea (c) 
Bythocypris cylindrica (c) 
Dicranella sp. 
Leperditella sp. 

Primitia centralis (c) 
Ulrichia nodosa (c) 


* Fulton. 


Locauity 33* 


Ectenocrinus simplex (cc) 
Merocrinus curtus (c) 
Lepidocoleus jamesi (c) 
Bythopora arctipora 
Hallopora onealli 
Peronopora vera (c) 
Rhinidictya parallela 
Dalmanella emacerata (c) 
Pholidops cincinnatiensis 
Plectambonites plicatellus 
Plectambonites rugosus (c) 
Zygospira modesta (cc) 
Cyclora minuta 

Thospira sp. 

Lophospira bicincta (c) 
Orthoceras sp. 

Acidaspis sp. 

Calymene granulosa 
Isotelus gigas 


h h 


Bollia unguloidea (c) 
Bythocypris cylindrica (c) 
Leperditella sp. 

Primitia centralis 
Ulrichia nodosa (c) 


CONCLUSIONS 


(1) The Rogers Gap is widespread throughout central Kentucky, 
and apparently is nowhere missing in the section. It is recognized 
in southern Ohio in the Twelve Mile Creek exposures near New Rich- 


mond. 
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(2) The occurrence of the Rogers Gap beneath the Fulton at New 
Richmond, Ohio, Butler, and other places in the Blue Grass region of 
Kentucky, establishes the relative ages of the two. 

(3) Overlying the Rogers Gap throughout its area of outcrop, with 
the exception of the area indicated on the map (PI. 183), is a zone 
characterized by the abundant development of Merocrinus curtus. 
This Merocrinus zone (Fulton) is a well-marked horizon, intervening 
between the Rogers Gap and the Million of central Kentucky, or 
Economy of northern Kentucky. While Merocrinus does occur in the 
Rogers Gap, it is in nothing like the abundance found in the Fulton. 

(4) At Rogers Gap, Scott County, and northward, the Rogers Gap 
marks the upper limit of the Zridotrypa zone and is typical Trenton. 
Similarly, in northern Kentucky and southern Ohio the Fulton marks 
the base of the Hallopora onealli zone and is typical Eden. In this 
region the two formations are readily differentiated. 

Elsewhere, and to the southwest in particular, Hridotrypa aedilis 
and Hallopora onealli are in part contemporaries, the latter frequently 
occurring in the Rogers Gap, though seldom in abundance, and the 
former in the Fulton. At Gratz (Locality 31) and near Danville 
(Locality 24), Eridotrypa recurs in the upper Fulton, overshadowing 
Hallopora onealli. On Silver Creek in Madison County (Locality 23), 
horizon (d), with 18 feet of Rogers Gap below, contains large numbers 
of Hallopora onealli, almost to the exclusion of Eridotrypa aedilis, 
only to be succeeded, 2 feet higher, by horizons (e) and (f) with just 
the reverse association. The Hridotrypa (Trenton) aspect of the Ful- 
ton at Locality 29 in Franklin County is unique. 

Thus there is a transition aspect (Trenton-Eden) to the two forma- 
tions, and, locally, some beds of the Fulton have a Trenton aspect. 
Such recurrence and migration of faunas is a common story, and a 
source of difficulty in stratigraphic work. 

(5) In the southeastern margin of the area of outcrop (PI. 183), 
including parts of Madison and Clark counties, the Fulton is recog- 
nized, though the Merocrinus zone is developed meagerly or not at 
all. Fortunately, the respective ranges of Hallopora onealli and Eri- 
dotrypa aedilis here are about normal. 

(6) The lithologic resemblance of the Rogers Gap at localities 14, 
15, and 16, north of Carlisle in Nicholas County, to the Gratz forma- 
tion at Gratz has been noted. Here (Locality 31) the presence of 
Eridorthis nicklesi in the upper part, and a few Merocrinus stem plates, 
scattered pretty well through the formation, strongly suggest that the 
Gratz is a more or less barren shale facies of the Rogers Gap. 


q 


2002 MC FARLAN, FREEMAN—ROGERS GAP AND FULTON FORMATIONS 


(7) In the Hutchison Station (Locality 10) and the Cynthiana, 
Kentucky, exposures (localities 7, 8, and 9) the Rogers Gap and the 
Million come almost into contact with each other. Although no Fulton 
could be found at Rogers Gap and the several cuts to the north of 
it, the presence of a few feet of limestone and shale in which no im- 
portant fossils were found does not definitely dispose of the question 
of its presence. The rapid thinning southward of the Fulton is in 
accord with the view of the authors that it is absent at Rogers Gap. 

(8) The area of no Fulton (PI. 183) is interesting in its location 
with respect to the Jessamine Dome. A similar distribution with 
respect to the arch is found in the basal Cynthiana.’* 


22 Manuscript in preparation. This relationship was pointed out in a paper presented by 
the senior author before the Paleontological Society, December, 1930. [Arthur C. McFarlan: 
Lezington-Cynthiana-Eden relationships in central Kentucky, Geol. Soc. Am., Bull., vol. 42, no. 1 
(1981) p. 351.) 
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Piate 184 
FOSSILS OF THE FULTON AND THE ROGERS GAP FORMATIONS 

1, 2—(University of Kentucky Specimen No. 3314) Plectambonites plicatellus 
(Ulrich). Fulton formation, Union Bridge, Cincinnati, Ohio. Figure 2, 
X3. Charles Faber Collection. 

3-5—(U. K. 3298-1857-3308) Merocrinus curtus (Ulrich) stem plates. Figures 
3 and 5, Fulton, New Richmond, Ohio. Figure 3, X2. Figure 4, Fulton, 
Cincinnati, Ohio. 

6—(U. K. 3313) Cyclonema varicosum Hall. Rogers Gap, Sinai Post Office, 
Anderson County, Kentucky. 

7.—(U. K. 1841) Ectenocrinus grandis (Ulrich). McMicken member of the Eden, 
Cincinnati, Ohio. 

8—(U. K. 332c) Ectenocrinus simplex (Hall). Eden, Newport, Kentucky. 

9—(U. K. 3312) Schuchertella higginsportensis (Foerste). Fulton, 4 miles north- 
east of Carlisle, Nicholas County, Kentucky. 

10.—(U. K. 2360) Bythopora arctipora (Nicholson) X3. Eden, Cincinnati, Ohio. 

11-13—(U. K. 3306) Eridorthis nicklesi Foerste. Fulton, near Gratz, Henry 
County, Kentucky. Figure 13, X6. 

14.—(U. K. 2363) Hallopora onealli (James). Eden, Cincinnati, Ohio. 

15. Lepidocoleus jamesi (Hall and Whitfield) enlarged. [Descriptions of inverte- 
brate fossils, mainly from the Silurian System, Geological Survey of 
Ohio, vol. 2, pt. 2 (1875) p. 106, pl. IV, fig. 1.] 

16—Triarthrus becki Green. Southgate member of Eden, Rapid Run Creek, 
Cincinnati, Ohio. From Charles Faber Collection. 

17, 18—Bythocypris cylindrica Hall, X20. After Ulrich [The Geology of Minne- 
sota, Paleontology, Minnesota Geological Survey, vol. 3, pt. 2 (1897) 
p. 687, pl. 44, figs. 29-30.] 

19.—Primitiella wnicornis (Ulrich) X20. [The Geology of Minnesota, Paleon- 
tology, Minnesota Geological Survey, vol. 3, pt. 2 (1897) p. 649, pl. 43, 
fig. 77.] 

20.—Bollia unguloidea Ulrich X20. [The Geology of Minnesota, Paleontology, 
Minnesota Geological Survey, vol. 3, pt. 2 (1897) p. 669, pl. 46, fig. 23.] 

21.—Ulrichia nodosa (Ulrich) X20. [New and little known American Paleozoic 
Ostracoda, Cincinnati Society of Natural History, Journal, vol. 13 
(1890) pl. X, fig. 11a.] 

22, 23.—Primitia centralis Ulrich X20. [New and little known American Paleo- 
zoic Ostracoda, Cincinnati Society of Natural History, Journal, vol. 13 
(1890) p. 104-137, pl. X, figs. 1-2.] 

24.—Ceratopsis chambersi (Miller) X20. After Ulrich and Bassler [New Ameri- 
can Paleozoic Ostracoda; Preliminary Revision of the Beyrichiidae, 
with Descriptions of New Genera, U.S. National Museum, Proceedings, 
vol. 35 (1908) pl. XXXIX, fig. 13]. 

25—(U. K. 3293) Dalmanella emacerata (Hall). Fulton, Butler, Pendleton 
County, Kentucky. 
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PuatTe 185 
FOSSILS OF THE FULTON AND THE ROGERS GAP FORMATIONS 
1—(U. K. 3304) Slab, showing characteristic assemblage of Rogers Gap. Quar- 
ter of a mile south of Rogers Gap Station, Scott County, Kentucky. 
(1) Eridorthis nicklest Foerste. 


(2) Escharopora falciformis (Nicholson). 
(3) Plectambonites rugosus (Meek). 


2—(U. K. 3303) Undetermined cystoid plates. Rogers Gap, Sinai Post Office, 
10 miles southwest of Lawrenceburg, Anderson County, Kentucky. 
These are consistently present in most collections of Fulton and Rogers 
Gap. 

3, 4—(U. K. 3295) Clitambonites rogersensis Foerste. Top of Rogers Gap, 10 
miles south of Corinth, Scott County, Kentucky. 


5—(U. K. 3299) Byssonychia vera Ulrich. Rogers Gap, Hutchison Station, 
Bourbon County, Kentucky. 


6—(U. K. 2029) Rafinesquina winchesterensis Foerste. Rogers Gap, 9 miles east 
of Winchester, on Mount Sterling Road. 


7, 8—(U. K. 3310) Liospira, sp. A 62c, Rogers Gap, Sinai Post Office, 10 miles 
southwest of Lawrenceburg, Anderson County, Kentucky. 


9—(U. K. 3312) Bellerophon rogersensis Foerste. Rogers Gap, Sinai Post Office, 
10 miles southwest of Lawrenceburg, Anderson County, Kentucky. 


10, 11—(U. K. 3316-3317) Anthropora cleavelandi (James) X6. Rogers Gap, 
quarry, 4 miles northeast of Carlisle, Nicholas County, Kentucky. Also 
Escharopora acuminata. 


12.—(U. K. 3305) Rhinidictya parallela (James) <6. Rogers Gap, Hutchison Sta- 
tion, Bourbon County, Kentucky. 


13.—(U. K. 2034) Eridotrypa aedilis (Eichwald). Rogers Gap, 5 miles east of 
Winchester on Mount Sterling Road. 


14.—(U. K. 3302) Hallopora onealli communis (James). Rogers Gap, Sinai Post 
Office, Anderson County, Kentucky. 


15—(U. K. 2028) Fusispira sulcata Ulrich. Rogers Gap, 5 miles east of Win- 
chester on Mount Sterling Road. 
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Cylindrical structures in sandstone. By J. E. Hawley and R. C. Hart 
(pages 1017-1034) 


Comment by D. MisEr* 


The interestingly written and well-illustrated paper by J. E. Hawley 
and R. C. Hart recalls similar features with which I am personally 
familiar, and also others to which my attention has been directed. 
Large cylindrical structures, some of which are described by the au- 
thors, are found in the sandstone of Cambrian age in the vicinity of 
Kingston, Ontario, and in the neighboring State of New York, and 
received the attention of geologists as long ago as 1889. The sandstone 
cylinders described in the cited paper are exposed near Kingston. They 
have a nearly circular cross-section, measuring 24% to 10 feet in 
diameter, and extend vertically through the nearly horizontal sand- 
stone, which is as much as 65 feet thick in that locality. They are 
composed of sand grains similar in all their features to those of the 


* Published by permission of the Director of the U. S. Geological Survey. 
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enclosing beds, and are considered to have been formed during, or 
after, deposition of the sand, but before final cementation. The au- 
thors discard earlier expressed views—one, that the masses are cylin- 
drical concretions, and, another, that they are whirlpool or eddy de- 
posits. They attribute the formation of the cylinders to the action 
of currents of water, rising vertically through the strata from, pos- 
sibly, a buried fault line or other controlling structure in the imme- 
diately subjacent pre-Cambrian crystalline rocks, and appearing at 
the surface as submarine springs. 

The cylinders with which I am familiar are found in horizontal 
sandstones of Ordovician age, in the southern Ozark region of northern 
Arkansas and also at a locality on the east side of the Mississippi 
River, near Brussels, Illinois. 

The Arkansas cylinders, commonly designated as pipes, are numerous 
and are widely distributed in the northwestern part of the State, west 
of the vicinity of Yellville. They occur in the St. Peter sandstone of 
the Yellville quadrangle and in the Newton and the Kings River sand- 
stone members of the Everton formation in the Eureka Springs and 
the Harrison quadrangles. These three sandstones are massive marine 
sandstones showing closely spaced laminae and cross bedding. They 
are composed of well-rounded quartz grains bound loosely together 
by calcite and silica. The base of each is marked by an unconformity 
that is expressed as an irregular solution-carved surface on the under- 
lying limestone. The original sources of the sand for these three sand- 
stones in Arkansas and also the sandstones in Illinois were pre-Cam- 
brian crystalline rocks and the so-called Potsdam sandstone of the 
Canadian shield. 

The sandstone pipes in Arkansas were first noted and described by 
A. H. Purdue and me, in the Eureka Springs and the Harrison quad- 
rangles.2 They range in diameter from 2% inches to 150 feet, stand 
vertical, and pass through the full thickness of the Newton * and the 
Kings River sandstone members of the Everton formation. The New- 
ton ranges from 0 to 150 feet in thickness, and the Kings River from 
0 to 40 feet. These pipes are exposed in longitudinal section along 
bluffs, and in transverse section over more or less level areas where 
either sandstone is the surface rock and is barren of soil. Blocks of 


1C. L. Dake: The problem of the St. Peter sandstone, Mo. School of Mines and Metallurgy, 
Bull., vol. 6, no. 1 (1921) p. 221-224. 

2A. H. Purdue and H. D. Miser: Description of the Eureka Springs and Harrison quad- 
rangles, Ark.-Mo., U. S. Geol. Surv., Geologic Atlas, Eureka Springs-Harrison folio, no. 202 
(1916). 

This sandstone was considered by Purdue and me to be a unit of formation rank overlying 
the Everton limestone and was miscorrelated with the St. Peter sandstone. It was, therefore, 
erroneously designated the St. Peter in the Eureka Springs-Harrison folio. 
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sandstone lie in the sandy matrix in many of the larger pipes, with 
their laminae edgewise. The structure of the pipes and the unoriented 
blocks of sandstone near their tops suggest that they originated by the 
settling of the Kings River and the Newton sands into caverns or 
enlarged openings in the underlying limestone while the sand was loose 
or only partly indurated. That the settling of these sands into such 
caverns or openings did not take place until after the deposition of 
the whole formation is shown by the nearly or quite vertical sides of 
the pipes, which show slickensides and shearing planes that dip steeply 
downward and inward. The shearing planes are strikingly similar 
to the planes of movement observed in layers of differently colored 
loose sand placed in a box and allowed to run through a hole in the 
bottom. The angular fragments in the sand matrix are thought to 
have been formed by the breaking up of partly indurated layers as 
they were deformed in the settling column of sand. Perhaps at times 
the movement of the sand was started by earthquakes. The origin 
of these pipes suggested here is confirmed by an exposure in a bluff 
of the Kings River sandstone which shows a pipe that passes downward 
into a sand-filled cavern in the limestone beneath. 

The sandstone pipes in the Yellville quadrangle occur in the Rush 
district and have been described by E. T. McKnight.‘ They are re- 
vealed on the top surface of the lower unit (30 to 50 feet thick) of the 
St. Peter sandstone. They show as concentric rings that may be 
slightly elliptic, the largest noted being about 6 feet in diameter. 

McKnight and also A. W. Giles,® who has noted the sandstone pipes in 
Arkansas, accept the origin suggested by Purdue and me. 

The sandstone columns in Illinois, described by W. W. Rubey in an 
unpublished manuscript,® are revealed in an exposure of the lower 
part of the St. Peter sandstone at Cap au Gres on the Mississippi 
River, 51% miles northwest of Brussels, Illinois. The largest sand- 
stone column is 9 feet in diameter. The similarity of their features 
to the sandstone pipes in Arkansas is striking, and this similarity led 
Rubey to suggest that they also were formed by the collapse and 
slumping of partly consolidated sand into caverns previously devel- 
oped in the underlying dolomite. 

Sandstone pipes, ascribed to the solvent action of water making its 
way down through highly calcareous sandstones and to the consequent 


*E. T. McKnight: Zinc and lead deposits of northern Arkansas, U. S. Geol. Surv., Bull. 853 


(1935) p. 45. 

5A. W. Giles: St. Peter and older Ordovician sandstones of northern Arkansas, Ark. Geol. 
Surv., Bull. 4 (1930) p. 16. F 

®©W. W. Rubey: Geology and mineral resources of the Hardin and Brussels quadrangles, Illi- 
nois (manuscript). 
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settling of the loose sand in the solution-formed holes, are found in a 
Quaternary aeolian formation along the coast of Palestine and Syria.’ 
A. E. Day, who describes the sand-filled holes, says: 

These holes are always vertical, from 10 to 20 inches in diameter and from 
5 to 15 feet deep, spreading out funnel-like at the surface, and tapering like a 
cigar at the bottom. 

Pipes, said by N. L. Falcon * to agree in a remarkable manner with 
those described by Day, are present in a Pleistocene calcareous sand- 
stone on the north shore of Barnstaple Bay in Devonshire. The Devon- 
shire pipes are stated to have been caused by solution. 

Numerous cylindrical pillars, carved out by erosion from soft sand- 
stone of Paleocene age, are found in Cafiadén Hondo, Chubut, Argen- 
tina. According to G. G. Simpson, who describes them, they seem to 
represent fillings of what once were actual columnar cavities in the 
sediments.° 


Comment by Grorcre GayLorp SiMPson* 


A recent publication by Hawley and Hart has again directed atten- 
tion to peculiar, tree-like, cylindrical structures long known to occur 
in Paleozoic sandstones near Kingston, Ontario. In view of this re- 
newed interest, it seems worthwhile to place on record a description 
of similar, and in some respects even more remarkable, structures which 
occur in central Patagonia and on which there seem to be no published 
data. 

These Patagonian structures occur over an area about half a mile 
in greatest diameter in Cafiadén Hondo, an irregular basin which drains 
northward into the Rio Chico del Chubut at Paso Niemann. This is 
the type locality of the early Tertiary Rio Chico formation, and the 
cylindrical structures are in that formation, in the same part of Cafia- 
dén Hondo as that from which the largest collection of Rio Chico 
mammals was made, and in a bed the top of which is about twenty feet 
below the principal horizon from which mammals were derived. 

These observations were made by the Scarritt Expedition of the 
American Museum of National History, in March, 1931. The struc- 
tures had previously been seen by Ing. A. Piatnitzky, who also guided 
us to the locality, and whose original discovery and helpful cooperation 


* Publications of the Scarritt Expedition, No. 26. 


7A. E. Day: Pipes in the coast sandstone of Syria, Geol. Mag., vol. 65 (1928) p. 412-415. 

§N. L. Falcon: Pipes in coast sandstones, Geol. Mag., vol. 66 (1929) p. 48. 

®G. G. Simpson: Cylindrical structures in dst in Patagonia, Geol. Soc. Am., Pr. 1935 
(1936) in préss. 
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I gratefully acknowledge. He does not, however, mention the cylin- 
drical structures in an account of the geology of Cafiadén Hondo which 
he has recently published. 

The horizon of these structures, which may be called the pillar bed, 
occurs in a thick series of clays, most of which are bentonitic, and of 
sandstones which vary from fairly coarse arkose to soft, fine impure 
quartz sands, with some included volcanic ash, but nowhere is this 
series predominantly of ash or tuff. The pillar bed, or zone, is about 
twenty feet in thickness. The pillars are distributed over the whole 
exposed part of this zone, an area of perhaps one to two hundred acres 
in all. Although irregular in density, there are, on the average, five 
or six pillars per hundred square feet. 

Almost all the pillars are from one to two feet in diameter, and com- 
plete pillars are from three to ten feet in height. Although adjacent 
pillars are usually at the same level and of the same height, in the area 
as a whole, and even in some of its more limited parts, the pillars do 
not appear invariably to begin and end at the same levels, and none 
was observed with a height equal to the whole thickness of the pillar 
zone, about twenty feet. 

The pillars are always exactly normal to the true bedding of the 
enclosing sandstone. This is tilted in places, and the pillars are there 
correspondingly inclined. In horizontal section, most of the pillars 
are circular, and almost all are isolated, although a few twin pillars 
were observed. Where unweathered, the apices are generally more 
or less conical. Below the apices some show horizontal fluting, probably 
not wholly due to weathering, or they may more vaguely tend to bulge 
near the middle, but most are almost evenly cylindrical except as modi- 
fied by weathering. The weathered bases are often somewhat under- 
cut; where unweathered, they generally expand, like the base of a 
tree trunk, but were not observed to pass out into root-like projections. 

Where the bases are clearly displayed without excessive erosion, 
they were observed to pass into a fairly continuous, hard layer of sand- 
stone. In some, but apparently not in all, cases the apex reaches and 
similarly blends with a hard capping layer. This capping generally 
occurs above the pillar bed, even when the pillars themselves do not 
reach it or are locally rare or absent. 

The matrix of the pillars, or the pillar bed itself, is a fine, soft sand- 
stone which erodes easily into badlands forms. It is very homogeneous 
but has vague horizontal bedding. Some pillars are of material macro- 
scopically indistinguishable from the matrix but more firmly cemented, 
but they are sometimes composed of a sand slightly coarser than the 
matrix, more like the variable, harder capping and basal beds, and in 
some cases include small pebbles and even bone fragments, neither of 
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Ficure 1. PART OF THE TYPICAL PILLAR ZONE 
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Figure 2. FIELD SKETCHES OF SANDSTONE PILLARS IN CANADON Honpo 
(A) Two weathered pillars showing expansion at the base and basal confluence 
with an indurated stratum. (B) Pillar showing oblique slip plane, developed be- 
fore erosion. (C) Partially exposed pillar showing confluence of apex with an in- 
durated stratum. (D) Partially exposed pillar, showing that the form is prede- 
termined by hardness and not developed entirely by erosion. (E) Twin pillars, 
similar in form and confluent with each other along one side. (F) Typical form of 


well-exposed pillar. 
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which were observed in the rest of the pillar bed. The rock in the 
pillars is not truly bedded, even to the vague extent of their matrix, 
but may be slightly zoned horizontally by a barely perceptible segre- 
gation of coarser and finer material which does not correspond to any 
similar structure of the immediately contiguous matrix rock. 

The surface of many of the weathered pillars is pale orange in color, 
apparently from oxidation of the cementing substances. This charac- 
terizes most of the harder strata of the formation as a whole, but is 
not seen on the soft pillar matrix. Except for this surface discolora- 
tion, probably due to weathering after exposure, there is no apparent 
radial, or concentric structure, in the pillars. 

A number of the pillars show very steeply inclined fissures, the sur- 
face of which may be slightly slickensided, as may also the outer sur- 
faces of the conical apices. These surfaces are often discolored. These 
fractures, displacement along which has been less than a centimeter 
in all those examined, may be due to compacting of the bed after the 
pillars were well consolidated, no similar feature being observed in the 
less-consolidated, surrounding, soft sandstone. 

In one or two places in the pillar area there are irregular, low, wall- 
like projections, which have weathered out much as have the pillars 
and which have the appearance of very irregular sandstone dikes. 

It is evident that the pillars are not due primarily to erosion but are 
actual structures in the rock, which are sculptured out by erosion be- 
cause they are more firmly consolidated than the bed as a whole. The 
absence of the general bedding planes, the presence of a vague sorting 
not seen in the surrounding matrix, and a grain size in the pillar differ- 
ent from that of the matrix strongly suggest that some, at least, of the 
pillars are not merely cemented or concretionary parts of the bed but 
have a different origin. Since this is fairly clear in some cases, it is 
probably true of all, because it is logical to suppose that all the pillars 
were formed in the same way. It seems most probable that the pillars 
represent either the fillings of cavities in an older bed or were in some 
way caused by injections into the latter, from above or below. In 
either case, the problem is why they have taken this peculiar and, on 
the whole, remarkably uniform shape. 

Various explanations have been offered for the cylindrical structures 
near Kingston. Kavanagh suggested that they are concretions about 
vegetable cores. This cannot be true of the Patagonian pillars, as no 
such core is, in fact, present, the structure is not radial or concentric, 
the country rock structures do not persist into the pillars, and the size 
of the sand grains is not always uniform in pillars and contiguous 
matrix. The latter considerations, likewise, prevent considering the 
pillars as simple concretions, as has also been advanced for the 
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Kingston cylinders. Baker’s suggestion of formation by whirlpools is 
also impossible, as it can hardly be supposed that thousands of whirl- 
pools existed at the same time, spaced only a few feet apart, of nearly 
uniform diameter, and each of long duration in one exact spot. 

After reviewing these previous theories, Hawley and Hart concluded 
that the Kingston cylinders were due to springs rising through the 
unconsolidated sands, with subsequent concretionary cementation of 
the cylinders of disturbed and somewhat altered sediment thus formed. 
This explanation is conceivable for the Patagonian structures as well, 
and surely it is tempting to suppose that they have the same origin as 
those of Kingston. Whatever may, however, be true of the latter, 
the Patagonian pillars have well-marked distinctions, some of which 
seem to make such an origin only a bare possibility and hardly a proba- 
bility for them. The presence of such an enormous number of springs, 
so closely spaced, and distributed not along a line, as are the Kingston 
cylinders, but widely scattered over a large area, argues against such 
an origin, as do also the sharp, smooth boundaries of the pillars (which 
do not include any country rock in their cemented zones), their almost 
uniform size, their generally very even dimensions, their perfectly 
straight axes, their tendency to become smaller at the top, and perhaps 
some other characteristics. 

An alternative hypothesis is that the Patagonian pillars do actually 
represent standing trees, which they so much resemble. On this hy- 
pothesis, it may be supposed that a forest was buried in sand to a 
depth of several feet, that the wood decayed, leaving holes in the sedi- 
ment, and that these were filled with sand by subsequent floods. There 
are plain difficulties in the way of this supposition, also, and the evi- 
dence is inadequate to advance it as a definite theory. This extraordi- 
nary phenomenon is, indeed, one for which I can think of no entirely 
adequate explanation. 
Reply by J. F. HawLey 


The discussion by Miser and the one by G. G. Simpson, on cylindrical 
structures in sandstones in Argentina, indicate clearly that there are 
cylindrical concretionary structures in sandstones originating in a 
manner or manners different from, and inapplicable to, those described 
in the Cambrian sandstone near Kingston. 

The view that the structures near Kingston are cylindrical con- 
cretions was not discarded, as stated by Miser, but, as pointed out 
on page 1031 of Volume 45, the structures conform in every respect 
to concretions. Rather, were the earlier ideas regarding the local- 
ization of these concretions discarded—namely, that they are whirl- 
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pool or eddy deposits, or pothole fillings in which concretionary cement 
was later deposited. 

While it has not been stated nor inferred by Miser that all such 
cylindrical structures in sandstones have a common origin, it seems 
worthwhile to emphasize the fact that those so far described in various 
parts of the world do differ in many important respects and may well 
have a somewhat dissimilar origin. 

Without repeating the different facts of their occurrence, all the 
types noted by Miser owe their localization to solution effects, either 
in the underlying rocks or in the enclosing sandstone itself, attended 
by slumping. Those of the Kingston area may fall in this same class 
insofar as any original calcareous cement was dissolved by the sug- 
gested rising currents of water. The evidence seems clear in the 
latter case that very little disturbance of the sand occurred, as would 
be expected wherever slumping occurred. On the other hand, the 
type which occurs in Argentina, as described by Simpson, seems to 
fall in a different category. 

Regarding those cylindrical structures noted by Miser as traceable 
downward into sand-filled cavities in underlying limestone, it has 
occurred to the writer that a similar occurrence might well be expected 
under the hypothesis of origin involving the action of rising currents 
of water from a buried fault plane or other channel, forming a quick- 
sand. Even during the upward flow of such a current, and after this 
had ceased, loose sand would undoubtedly settle down into any cavities 
developed below. In other words, some slumping would be expected 
under this theory, also. Will simple slumping, however, explain ade- 
quately the vertical and cylindrical character of the structures? 
Experimentally it has been shown that a rising current in bedded but 
uncemented sands will give a cylindrical structure which later con- 
cretionary cementation would preserve. 

It is of interest to record still another reference to the cylindrical 
structures near Kingston and a somewhat different idea as to their 
origin, notes on which were kindly supplied by J. E. Hyde. On pages 
247 and 248 in Thomas C. Weston’s Reminiscences Among the Rocks, 
descriptions and illustrations are given of the Blake No. 1 “Concre- 
tion.” “The conclusion arrived at was that these tree-like bodies are 
of concretionary structure, formed probably in geyser cavities.” Also, 
in Nickle’s Bibliography of North America, two papers by Weston 
published in the Nova Scotia Institute of Science, 1892 and 1896, deal 
with concretions. Needless to say, there is no evidence in or about 
the Kingston structures to support the “geyser hypothesis,” though 
that suggested by R. C. Hart and myself is not so far removed. 
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Glacial features of the southern Okanogan region. By Richard Foster Flint 


(pages 169-194) 


Comment by O. D. von ENGELN 


Drainage channels marginal to ice lobes have been observed in 
Alaska to owe their initiation to the rapid expansion in volume of an 
ice tongue or confined lobe; that is, to be phenomena associated with 
advancing glaciers. Then the adjustments of a long period of stability 
are destroyed, and, in particular, drainage which, in a static glacier, is 
normally submarginal is forced from under the edges of the ice into 
open courses. Once the submarginal drainage has been thus displaced, 
subsequent development may be various. If the ice remains long at 
flood, the channel followed by the water can become intrenched in 
rock and will be occupied even after the ice margin along the lower 
part of the course has melted back down slope an appreciable distance. 
The governing factor in such persistence is that the ice margin at the 
source of the marginal drainage must be maintained above the level 
of the bottom of the channel at that point. It is not essential for the 
development of such channels that there be superposition from over- 
lying ice or an overflow from spur-ponded marginal lakes. The dis- 
placed submarginal drainage emerges in full flood from a lateral ice 
cave. Their course down valley follows a gradient which may be 
steeper than that of the profile of the valley floor, due to a component 
of down-valley-side slope, which gives these marginal streams great 
velocity and, as a result of which, they are abundantly supplied with 
coarse sediment. They have, in consequence, extraordinary erosive 
effectiveness. 

If the expansion of the ice proceeds by stages, channels cut at lower 
levels on the slope will be occupied by ice, and, therefore, may be 
glacially scoured and moraine choked. As the ice flood shrinks from 
its highest level, these lower marginal courses may or may not be re- 
occupied by water courses, according to varying configurations of the 
ice edge and the disposition of the fill. When the drainage is com- 
pletely submarginal, with ice supply and ablation balanced, its courses 
are divided and obstructed. Hence, it is not competent to the produc- 
tion of conspicuous channels. 

The mechanism and history of glacial marginal drainage, under a 
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variety of conditions, as manifested by evidence from existing glacia- 
tion have been discussed at some length by the writer.? 


Reply by R. F. Furnt 


It is of value to an understanding of the origin of notched spurs 
that von Engeln has called attention to similar features in actual 
association with existing glaciers. The origin outlined by him should 
be placed beside those suggested in my paper. Re-visit to several of 
these spurs during the season of 1935 failed to yield additional facts 
by which their origin might be more closely determined. 


Faunal differentiation in the Upper Devonian. By George Halcott Chadwick 
(pages 305-342) 


Comment by Braprorp WILLARD* 


Chadwick’s paper is particularly useful to students of the marine 
Upper Devonian in New York and Pennsylvania, because of his dif- 
ferential listing of Genesee and later fossils. By means of these lists, 
one is able, with reasonable assurance, to distinguish the several groups 
recognized by Mr. Chadwick and others. In his “Summary” (p. 338) 
he appears to have erred slightly in referring to the continental Upper 
Devonian in northeastern Pennsylvania. In using “type Pocono” he 
evidently reverts to the original definition of the term rather than to 
Lesley’s redefinition of 1882 which is in keeping with present under- 
standing of the stratigraphy of the Pocono Plateau. Even were one to 
accept “type Pocono” as Chadwick uses it, error would appear to re- 
main in his correlation. The lowest formation of the Plateau, the 
Honesdale sandstone, I believe, may be demonstrated to be post- 
Chemung in age. These suggested corrections are of minor importance 
compared with the value of the contribution of the paper as a whole, 
and need detract little, if any, from its general usefulness. 


* Published with the permission of the State Geologist of Pennsylvania. 


iated with glacier drainage and wastage, Zeitschr. f. 


10. D. von Engeln: Ph 
Gletscherk., vol. 6 (1911) p. 104-150. 
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Reply by G. H. Caapwick 


The use of “type Pocono” in the paper cited is in the same correct 
and original sense as it is used by the present State Geologist of Penn- 
sylvania in his figure 7 (p. 1414) and his accompanying discussion (p. 
1413) of this same volume, the sole error in which—namely, the novel 
extension of Mauch Chunk red shale over the plateau—is due to Wil- 
lard. Is one then to believe that Willard is correct in his surmise as 
to the age and location of the Honesdale sandstone? 


Geology of the west end of Ymer Island, East Greenland. 


By Arthur B. Cleaves and Ernest F. Fox 
(pages 463-488) 


Comment by E. F. Fox 


I want to place on record that my main contribution to this paper 
consisted of the topics included under the headings, “General Geology 
and Stratigraphy,” “Structure,” and “Origin of Fjords.” After this 
part was completed, I was engaged in Africa, and the paper was left 
with Cleaves, who added the “Descriptions of Fossils” and edited the 
paper. During the time we were out of communication, however, 
Cleaves also rewrote and published the section on “Origin of Fjords,” 
and I now find (from the published paper) that our conclusions re- 
garding fjord development are fundamentally different. Cleaves’ 
thesis is that the East Greenland fjords are primarily the result of 
normal stream erosion; my belief is that they are primarily the result 
of ice erosion. The following critique of this section of our paper 
should make this clear. a 

The last sentence of the second paragraph under “Origin of Fjords” 
(p. 481) reads: “. . . most of them (fjords) are now suffering head- 
ward erosion by stream valleys.”’ I believe that this is a mis-statement 
of fact. Judging from published maps of the region, this should read, 
“ . . erosion by valley glaciers,” as is implied farther on in the text 
(fourth paragraph, p. 482) where it states “. . . that practically all 
the important fjords now serve as outlets for the interior ice.” In the 
next paragraph it is stated that we do not believe glaciation is the 
prime agent in cutting the fjords to sea level. I believe that glaciation 
is the prime agent. Again (p. 484), it is stated that “The conclusion 
one reaches in the field is that the fjords . . . are chiefly erosional 
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features, and the principal active agent in their formation is, and has 
been, stream erosion.” My conclusion in the field was that the prin- 
cipal agent active in their formation is and has been glaciation. And 
again in the same paragraph: “It is inconceivable to imagine ice erosion 
as being the sole agent in cutting the fjords to depths of over 3500 feet.” 
Why? The present depth of Franz Joseph Fjord, from the summit of 
the Teufelsschloss to sea level, is more than 4200 feet, plus about 1500 
feet below sea level to the bottom of the fjord, a depth of more than 
5700 feet. The walls are precipitous, and the fjord here is about five 
to six miles wide. Elsewhere the fjord is wider and deeper. Is this the 
result primarily of normal stream erosion? Dusén Fjord is an erosional 
feature developed along a zone of normal step faulting. Pre-glacial 
streams probably sought out this zone of weakness and followed it, 
and the valley, so initiated, probably localized and directed ice flow 
during subsequent glaciation. But the profile of the present ice-scarred 
valley, with its rough ledges, rock basins, and lakes (see map and 
sections at end of paper) is not the profile of a valley resulting pri- 
marily from stream erosion. 


Reply by A. B. CLEAVES 


It is to be regretted that disagreement has arisen over the portion, 
“Origin of the Fjords,” in the paper written by Fox and myself. 

The article was in its first draft when Fox left for work in Africa. 
Subsequently, it was redrafted several times, large sections being 
omitted, others added. After consultation, that part to which he takes 
objection was rewritten. Had I realized that he would feel so strongly 
about it, I should have deferred publication until we could have dis- 
cussed the matter. The difficulty of settling the problem at long dis- 
tance, and the fact that I saw no material variance in our viewpoints, 
prompted me to go ahead. Hence, I assume the responsibility for the 
pages published. 

It should be noted that the only point of difference brought up by 
Fox involves the origin of the fjords. This is only a minor portion 
of our paper; the chief sections deal with the stratigraphy and the 
structure of the area. Fox has not found fault with these parts, in 
spite of many numerous changes in their content. 

The chief point of difference between Fox and myself, concerning the 
origin of the fjords, lies not with the theory—both of us being glacial- 
ists, so far as fjord origin is concerned—but with the placing of em- 
phasis within the theory. 
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Glacialists believe that all phenomena relating to fjords are explained 
as the result of glacial overdeepening of pre-glacial river valleys near 
the sea. 

Fox places most emphasis on actual valley glaciation—I assume he 
means, ice scour—relegating the part played by running water, before, 
during, and after glaciation, to an insignificant role. On the other 
hand, I believe the part played by stream erosion in this region, since 
the Miocene erosion surface was uplifted, prior to, during interglacial 
periods, and to a minor degree, since the retreat of the ice on Ymer 
Island, is of primary importance. 

Fox admits that pre-glacial streams initiated and probably localized 
and directed ice-flow during subsequent glaciation. Undoubtedly, he 
conceives of these ancient stream valleys as having been but traces of 
the major features illustrated by the present fjords. 

My conception would make these valleys of major importance be- 
fore the glaciers ever occupied them. An analogous history may be 
seen in the geologic history of the Yosemite Valley, so capably pre- 
sented by Matthes. 

Although it may be dangerous to attempt to estimate the relative 
amounts of erosion done by running water and by ice-scour in this 
region, I should allot 60 percent, or more, to the former and 40 percent, 
or less, to the latter. 

Actual figures are lacking to support this belief. However, when 
one considers the amount of time wherein each medium of erosion has 
been active, some light is shed on the problem. 

The length of time when this area has been ice-free—assuming that 
the Miocene uplift came at the end of that period—includes the Plio- 
cene (13,500,000 years), the interglacial periods (about 500,000 years, 
if the duration of Pleistocene stages in the Alps can be applied), and 
the century or so since the principal retreat of ice from Ymer Island. 
Against these figures are the approximately 300,000 years of glacia- 
tion. Consequently, we find a ratio in time of about 46 to 1. Even 
by multiplying the glacial factor of erosion many times, one must 
lean strongly to the influence of stream erosion. 

The part played by the ice in modifying the walls, oversteepening 
the valleys, and changing the profiles of these valleys, is not to be 
underestimated. I did not neglect this point in our paper. 

Today, most of Ymer Island is free from an ice cover. The pre- 
cipitation in the highlands is not great, and much of what does fall 
is blown away to such a degree that herds of musk-oxen find forage 
throughout the winter. 
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Streams from the few localized and small snow fields have already 
begun to cut gorges, 50 feet to 200 feet deep, in their descent to the 
major fjords. Many of these new. valleys, especially in the north- 
western portion of the island, have never been occupied by moving 
ice. Those that have are readily identified by their profiles and the 
usual glacial features found in such valleys. _ 

This point is brought out to indicate the degree and the rapidity of 
stream erosion, which, geologically speaking, began but a moment ago. 

In conclusion, I would call attention te the fact that our work was 
limited to studies on Ymer Island during a very brief period. 

For those interested in this discussion, I refer to the recent, excel- 
lent work on this country, by J Harlen Bretz.1 He covered a much 
larger area over a period of several months in 1933. The thesis of his 
paper is that the principal East Greenland fjords were originally 
stream-eroded valleys in the steep margin of the plateau and that glacial 
erosion has greatly modified them, adding some new valleys. 


Age of the schists of the South Valley Hills. By Benjamin L. Miller 


(pages 715-756) 


Comment by GrorcE W. StosE 


In the informal introduction to his paper, when he read it at Roches- 
ter, Miller stated that Florence Bascom, whose work is most concerned 
with these problems, should properly have presented his paper. Had 
she done so, it might have been a very different picture. Miss Bas- 
com’s opinion, as expressed in the text of the recently published (1932) 
Coatesville-West Chester folio of the U. S. Geological Survey, is that a 
narrow strip of schist of the South Valley Hills, % to 2 miles wide, 
is of Ordovician age, and that the rest of the schist to the south is 
pre-Cambrian Wissahickon schist, overthrust on to the Ordovician 
schist along a great fault, the exact location of which she was unable 
to determine. In other words, Miss Bascom believed that the Glenarm 
series and all the granites, gabbros, diorites, and serpentines intrusive 
into it are of pre-Cambrian age. Until recently, Miller appears to 


1J Harlen Bretz: Physiographic studies in Hast Greenland in L. A. Boyd: The fiord region 
of East Greenland, Am. Geog. Soc., Spec. Publ. 18 (1935) p. 159-245. 
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have held the same view, for, on the Geological Map of Pennsylvania 
issued by the State Survey in 1931, the following note appears: 

A belt of albite schist % mile or more wide along the south side of Chester 
Valley from near Atglen to Conshohocken, which is included on the map with 
the Wissahickon schist, is held by F. Bascom, B. L. Miller, and E. T. Wherry 
to be of Ordovician age and lies north of the Martic overthrust. Signed, G. H. 
Ashley, State Geologist. 

It is admitted that, from the evidence available in Chester Valley 
east of Atglen, Miss Bascom’s interpretation is possible; that is, a 
narrow band of phyllitic schist, which forms the South Valley Hills 
and crops out immediately south of the Conestoga limestone in Chester 
Valley from near Atglen eastward, may be Paleozoic. But the schists 
to the south of this narrow belt, which are intruded by various igneous 
rocks, present a very different problem, and are believed to be pre- 
Cambrian. The inability of Miss Bascom and others to find a thrust 
fault separating these two schist areas is the main reason why the 
authors of the Coatesville-West Chester folio and of the 1931 geological 
map of Pennsylvania included the narrow band of possibly Paleozoic 
phyllitic schist with the overthrust pre-Cambrian mass and inferred 
that the fault lay at the contact of the phyllitic schist with the lime- 
stones of Chester Valley. The presence of numerous iron-ore deposits, 
quartz veins, and springs (p. 744) along the schist-limestone contact 
west of Atglen indicates a marked break of some kind and has been 
considered to favor overthrust relations, at least west of Atglen. 

Miller remarks, in his introduction (p. 716), that new evidence and 
new interpretations are sufficient grounds to re-open cases that may 
appear settled. New evidence would, indeed, be most welcome, and 
new interpretations also, provided that they fit field evidence. But 
it is my opinion that Miller presents no new evidence and that his 
alternative interpretations do not fit the field evidence. For the pur- 
pose of considering Miller’s “new evidence” and interpretations, a field 
conference was cailed by G. H. Ashley, State Geologist of Pennsyl- 
vania, in April 1935, in the Quarryville-Chester Valley area, to ob- 
serve the field evidence bearing on the relations of the Wissahickon 
albite-chlorite schist to the limestones of the Quarryville and Chester 
valleys. The party included Miller, members of the Pennsylvania 
and Federal surveys, and other interested geologists from State sur- 
veys and college faculties. This group visited the best-known exposure 
of the contact of the Wissahickon albite-chlorite schist and Conestoga 
limestone, in the railway cut one mile west of New Providence, and 
also many localities westward to Safe Harbor, where the albite-chlorite 
schist crops out closely adjacent to and south of Vintage dolomite but 
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with the contacts hidden. The prevalence of iron ore deposits, large 
quartz veins, and occasional springs along these contacts was especially 
noted. All these localities were previously described. In such an 
area, where few contacts of rocks are exposed, geological conclusions 
must depend not only on the correct interpretation of available out- 
crops but also on a broad regional study. 

Miller (p. 736) states that he found a general agreement of dips of 
the Conestoga limestone and the Wissahickon schist and therefore 
(p. 737) that the meaning of “abnormal contacts” and “discordant 
relations” in the literature on the area is not understood. The reasons 
for these statements by Miller was made clear at the field conference 
mentioned above, by Miller’s interpretation of observed facts. Evi- . 
dently he does not concede the criteria heretofore used to distinguish 
Vintage dolomite from Conestoga limestone, nor even those to dis- 
tinguish schistosity from bedding. At the outcrops of Vintage dolomite 
and adjoining Wissahickon schist, from Safe Harbor eastward to 
Martic Forge, Miller expressed his belief that the dolomite was Cones- 
toga limestone. The Conestoga limestone is everywhere a high-calcium 
limestone and not a massive dolomite, as were the exposures of Vintage 
visited. In a road-cut, the dolomite was also seen to grade into the 
underlying Antietam quartzite, which is characteristic of the base of 
the Vintage. It is true that, at several of these localities, the Vintage 
dolomite is sheared into thin plates somewhat resembling the thin- 
bedded Conestoga. Although the prominent schistosity is at variance 
with the bedding, as was observed by many of the party, Miller reiter- 
ated his belief that the schistosity was bedding. In the albite-chlorite 
schist, slip cleavage is the dominant structure, and true bedding is 
more obscure than in the Vintage dolomite. The “discordant relations” 
that Miller could not detect (p. 736) involve the bedding and not the 
schistosity in the two formations. The fact that the schistosity in the 
Vintage dolomite is parallel to the schistosity of the adjacent Wissa- 
hickon albite-chlorite schist, and the further fact that Miller believes 
that the sheared dolomite is Conestoga and not Vintage, apparently 
explain his statement that these two formations are conformable and 
that there is no evidence of abnormal contacts. The errors that may 
arise by assuming structural conformity between formations in which 
only a parallelism of schistosity is recognized are clearly pointed out 
by E. B. Knopf? in a recent paper applicable specifically to Balk’s 
area in southeastern New York, referred to by Miller (p. 716). 


1E. B. Knopf and A. I. Jonas: Geology of the McCalls Ferry-Quarryville district, Pennsyl- 
vania, U. 8. Geol. Surv., Bull. 799 (1929) 156 pages. 

2K. B. Knopf: Recognition of overthrusts in metamorphic terranes, Am. Jour. Sci., 5th ser., 
vol. 30 (1935) p. 198-209. 
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In his figure 3 (p. 739), Miller has sketched the railway-cut west 
of New Providence. At the right (east) end of the section, where the 
relations are best shown in the cut, he has drawn the bedding in the 
schist and in the underlying limestone as parallel, and he states 
(p. 736) that the two formations are apparently conformable. My 
observations, confirmed by many of the visiting geologists at the con- 
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Ficure 1—Contact of Wissahickon phyllitic schist and Conestoga limestone 


Sketch of details of exposure in cut of Pennsylvania Railroad low grade one mile west of 
New Providence. (Sketched by Stose, May 17, 1921; confirmed at conference, April, 1935.) 
The limestone is closely folded, and bedding becomes obscure as it approaches the weathered 
contact zone. The contact zone is weathered schist, the foliation planes of which are parallel 
with the borders of the zone. The schistosity in the Wissahickon schist is also parallel with 
the borders of the zone, but, a few feet above the zone, closely folded bedding is observable 


in places. 


ference, do not agree with Miller’s interpretation. The underlying 
limestone is closely folded, and the truncated beds apparently make 
a marked angle with the contact (Fig. 1). The schistosity in the schist 
is parallel to the contact, but the original bedding appears to be closely 
folded. A deeply weathered and ferruginous zone, 3 feet thick, which 
separates the schist from the limestone and is not closely folded, is at 
least suggestive of a thrust fault rather than of a sedimentary contact. 
In my opinion, it certainly is not a conformable contact, as shown by 
Miller and so stated in his text. 

The section through Pomeroy in the Coatesville quadrangle, repro- 
duced from the Coatesville-West Chester folio (Fig. 4a, p. 741), is a 
generalized section to show the interpretation of the structure by the 
authors of the folio. Figure 4b (p. 741) is Miller’s alternative inter- 
pretation at the same place. He states in the title that the average 
dip of the Conestoga is 80° SE and of the Wissahickon is 72° SE. 
According to my records, in this vicinity the observed dips of the 
Chickies quartzite nowhere exceed 55° SE, and they vary from that 
to 40° SE. I recorded no dips in the nearby Conestoga limestone, 
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but the thin-bedded limestones of that formation are greatly contorted 
in this area, and various dips might be observed. The 72-degree dip 
in the Wissahickon schist, reported by Miller, is schistosity and very 
probably not bedding. Therefore, I feel confident that his figure 4b 
does not adequately represent the observable facts and that it does not 
in the least prove the conformability of the two formations. East- 
ward, beyond Downingtown, the prevailing dips in the Conestoga and 
in the older limestones steepen to 80° SE, but, as the rocks of the 
region were folded after the overthrusting, the thrust plane therefore 
was also folded. The steeply dipping contact of schist and limestone 
is certainly not disproof of overthrusting. 

The best evidence of the pre-Cambrian age of the Wissahickon ~ 
evidently has not been examined by Miller (p. 731). There can be 
no question of the age of the basal Cambrian rocks (Loudoun and 
Weverton) of Sugarloaf Mountain, Maryland, and of outliers of the 
same rocks to the north; nor can there be any question that they 
overlie older schists, of probably pre-Cambrian age, notwithstanding 
the doubt expressed by Miller. The quartzites of Sugarloaf Moun- 
tain have always been classed by the Maryland Survey as Cambrian 
and are so shown on all their maps. J. P. Lesley*® of the Second 
Pennsylvania Geological Survey, whose opinion Miller quotes exten- 
sively, accepts the Cambrian age of the quartzites on Sugarloaf Moun- 
tain. The present workers in that area, after much study, comparison 
of sections, and detailed mapping, are also convinced that they are 
basal Cambrian, for they are similar in character and in sequence 
to known basal Cambrian sediments in nearby Catoctin Mountain. 

If the Wissahickon is pre-Cambrian, as seems to be established 
beyond reasonable doubt from the relations observed near Sugarloaf 
Mountain, the contact of the Wissahickon albite-chlorite schist with 
the Conestoga limestone and the Vintage dolomite in the McCalls 
Ferry-Quarryville area west of Atglen must be an overthrust fault. 
East of Quarryville the Wissahickon albite-chlorite schist forms the 
South Valley Hills, and the overthrust is believed to follow the contact 
of this schist and the limestone along the north foot of the hills. Even 
though the phyllitic schist should be proved to be Paleozoic, this 
obviously would not prove that the Wissahickon schist south of these 
hills and that west of Atglen is Paleozoic, nor would it disprove the 
observed discordant relations, believed to be due to overthrusting, 


west of Atglen. 


3 J, P. Lesley: A summary description of the geology of Pennsylvania, Second Pa. Geol. Surv., 
Summary Final Rept. (1892) p. 185-186. 
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The geological map of Pennsylvania by J. P. Lesley, on which the 
schists later called Wissahickon were classified as Cambrian, was pub- 
lished in 1893. The Philadelphia folio, published in 1909, was based 
on detailed mapping and study of the rocks, and it classified all these 
schists, with the single exception of the phyllitic schist of South Valley 
Hills, as pre-Cambrian. No detailed mapping of any other part of 
this region in which these rocks are classified as Cambrian or Paleozoic 
has been published since the 1893 State map. The new geological map 
of Pennsylvania, published in 1931, which Miller especially criticises 
(p. 717), follows the classification adopted 22 years earlier for the 
Philadelphia folio, with the single exception mentioned above. 


Reply by B. L. 


The discussion by Stose is welcomed in that it permits a clarification 
of the writer’s views, which, from Stose’s statements, apparently is 
needed. . 

The writer did not at all intend to imply that Miss Bascom and he 
entirely agreed on all the points discussed in his paper. Stose states 
that Miss Bascom “believed that the Glenarm series and all the granites, 
etc. .. . are of pre-Cambrian age.” He should have said that she 
believed part of the Glenarm series to be pre-Cambrian. 

The writer has not changed his views, as Stose believes, as indicated 
in the note on the Geological Map of Pennsylvania. The note was a 
compromise statement, as the result of considerable correspondence. 
The writer considered a more complete and individual statement that 
would have expressed his views more accurately but concluded that 
for the purposes of the State map, it might be sufficient to call attention 
to the one small section where the three dissenters were in agreement 
and say nothing about the larger area. 

Much of Stose’s discussion is in support of the interpretation of a 
thrust fault in the vicinity of Safe Harbor, as though its presence there 
would be of major importance in proving the pre-Cambrian age of 
the Glenarm series and the existence of the extensive “Martic Over- 
thrust.” Undoubtedly, there is evidence of a fault there, as discussed 
by the writer in his paper, but the presence of a local overthrust there 
does not invalidate his interpretation (p. 737). 

The assumed misinterpretation of the Vintage and the Conestoga 
along the Susquehanna River was occasioned by a mistake in the 
geological map of the McCalls Ferry quadrangle. The map as printed 
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shows the Conestoga color pattern in contact with that of the Wis- 
sahickon at Shenks Ferry station. On the field trip described by 
Stose, it was explained that this was an error of the printer, as the 
authors intended to show a small patch of Vintage and Antietam. 
The writer, having on previous trips noted the similarity of the massive 
dolomite at this place and that outcropping near the Green Hill School, 
was unable to explain the mapping as shown in United States Geologi- 
cal Survey Bulletin 799, and expressed his disagreement with the map- 
ping in that section (p. 737). He therefore was pleased to have the 
mapping explained. Time did not permit him to make an extensive 
study of Vintage exposures in the western part of Lancaster County, 
and he wondered whether the Conestoga in that region did or did not 
contain dolomite beds of the kind found near Shenks Ferry station as 
shown on the map in Bulletin 799. He did not “express(ed) his belief 
that the dolomite was Conestoga limestone.” On the contrary, he 
stated that he had “made some observations in that region without 
reaching any conclusions, although in a few particulars . . . in dis- 
agreement with the mapping” (p. 737). This indecision was produced 
by dolomite, in one place on the printed map, being included in the 
Conestoga and in another place in the Vintage. Without having op- 
portunity to make more extended studies, the writer deemed it desirable 
to avoid making a definite decision. 

There is no basis for the statement that on the field trip “Miller 
reiterated his belief that the schistosity (of the Vintage) was bedding.” 
He definitely did not do so. 

The writer disagrees with Stose’s statement that “the Conestoga 
limestone is everywhere a high calcium limestone.” On the contrary, 
it includes abundant dolomite beds that in places are of considerable 
thickness. Scores of analyses of diamond drill cores and outcropping 
ledges of the Conestoga limestone throughout Chester Valley have 
shown so much dolomite in many localities that certain properties 
could not be considered as favorable places for the location of Portland 
cement plants. Locally there is more high than low magnesium stone 
in the formation. 

Stose’s criticism of the writer’s interpretation of structures in the 
schists conveys an erroneous impression. On the field trip there was 
no general agreement on this question. Lengthy arguments took place, 
and it seemed to be the general impression that this phase of the 
controversy should receive much more careful investigation, a view- 
point readily accepted by the writer. This has already been discussed 
(p. 741-742). 
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The most extended discussion took place in the railroad-cut west 
of New Providence. Stose submits a new section of a part of the 
exposures there. It is regrettable that he did not extend his section 
to include the limestones in the north end of the cut, as was done in 
the writer’s Figure 3. With varied opinions as to what has actually 
happened there, as expressed by different geologists who have visited 
the locality, it is unfortunate that the rocks are so greatly weathered 
as to make an exact decision difficult, if not impossible. 

In discussing the geology of Sugarloaf Mountain, Stose seems to 
imply that the writer had made specific statements concerning that 
locality. Inasmuch as he has never studied that section, obviously it 
would have been improper for him to do so. He has, however, sug- 
gested that any positive evidence of the pre-Cambrian age of the 
Wissahickon, obtained from that or other localities, should be pre- 
sented in detail. 

Stose has confined his discussion to only a few of the arguments ad- 
vanced by the writer in support of the Paleozoic age of the strata lying 
to the south of the Chester Valley. Several of the others are of equal 
or greater importance than the ones which he opposes. 

It is of sufficient interest to put on record that, on the field trip, 
Stose whole-heartedly agreed with the writer concerning the Ordovician 
age of the schists exposed at the side of the Howellville quarry. The 
close similarity of these and the nearby schists bounding Chester Valley 
ou the south furnishes a strong presumption that they are of the same 
age, as held by the writer and many other geologists, and, therefore, 
both of Ordovician age. If they are not, there must have been retro- 
gressive metamorphism of the South Valley Hills schists (claimed by 
Stose to be pre-Cambrian) and progressive metamorphism in the 
Ordovician Howellville quarry schists, a short distance away. These 
two schists are so strikingly similar in texture and in mineralogy, ac- 
cording to Dr. Dorothy Wyckoff, that it seems extremely improbable 
that one of them is a phyllonite and the other a “normal” low-grade 
schist, both processes having come to an end at the same point. 

In the closing paragraph of Stose’s discussion he omits reference to 
the publications of Bliss and Jonas‘ (1916) and Hawkins® (1924) 
or the recent articles by Woodward * and Mackin.’ 


*E. B. Knopf and A. I. Jonas: Relation of the Wissahickon mica gneiss to the Shenandoah 
limestone and Octoraro schist of the Doe Run and Avondale region, Chester County, Pennsylvania, 
U. 8. Geol. Surv., Prof. Pap. 98 (1916) p. 9-34. 

5 Alfred C. Hawkins: Alternative interpretations of some crystalline schists in southeastern 
Pennsylvania, Am. Jour. Sci., 5th ser., vol. 7 (1924) p. 355-364. 

© Herbert P. Woodward: Pal: ic formati east of main axis of Appalachian uplift, Pan- 
Am. Geol., vol. 63 (1935) p. 97-114. 

7J. Hoover Mackin: The problem of the Martic overthrust and the age of the Glenarm series 
in southeastern Pennsylvania, Jour. Geol., vol. 43, no. 4 (1935) p. 356-380. 
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Near the close of his discussion, Stose offers the ~:ggestion that the 
Wissahickon south of the Chester Valley may be Paleozoic, and that 
west of Atglen, pre-Cambrian. It would be of interest to have him 
present the evidence for this view, and particuiarly to locate the divid- 
ing line. 


Comment by W. H. Bucuer 


Miller’s paper serves the excellent purpose of calling the attention 
of the geological fraternity to the curious fact that in the crystalline 
rocks of the Piedmont, close to a number of leading institutions of 
learning, even the major questions of structure are still largely un- 
answered. 

The writer fears, however, that unwittingly the paper gives the im- 
pression that the fundamental questions could rather readily be settled 
in this region, by cursory inspection. Although Miller points out, in 
the introduction, that the region in question “is scarcely exceeded in 
complexity by any other of the United States,” he comes quickly to 
the conclusion that “the geologic relationships are far simpler than has 
been believed before.” He may be right, but the evidence he offers is 
hardly more compelling than some that is given by the other side of 
the controversy. He raises important questions, but it must not be 
assumed that he has answered them. 

In his judgment, Miller is clearly influenced, above all, by the con- 
viction that “the parallelism of the strike of the limestones and the 
trend of the schist-limestone contact is of major significance in dis- 
proving a great overthrust fault even without any observations within 
the schist” (p. 741). This conviction seems hardly justified in view 
of the experience in such regions as the Alps, where relatively thin 
thrust sheets lie one above the other, like stratigraphic units, In 
Pennsylvania and Maryland the Wissahickon series appears spread 
across other formations, from Chester Valley to the vicinity of Balti- 
more. It may be a transgressive stratigraphic unit or a ‘nappe.’ As 
far as the writer can see, the facts published to date are insufficient to 
tell which of the two it is. Nothing less than detailed areal study 
across the whole belt can lead to a satisfactory answer. 

Two paradox circumstances suggest that, if proof should be brought 
that there is no “Martic overthrust,” thrust masses of similar magni- 
tude, now removed by erosion, will have to be assumed to have existed 
above the present surface. (1) The intense regional deformation in 
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the schist series south of Chester Valley and the extreme flowage in 
the limestones between it and the older rocks beneath are in strange 
contrast with the gentle dips and broad outlines of the major anti- 
clines and synclines. It looks, rather, as if a tectonic unconformity 
existed, in which the deformation has been imposed on the schist series 
from above. (2) If the Wissahickon is the equivalent of the Martins- 
burg—that is, the last sediments laid down in the region before the 
Silurian—there seem to be no adequate sources to account for the 
enormous thickness of Silurian and especially Devonian rocks that 
lie to the west in the folded Appalachians. 

The frequent changes in interpretation, and eventually also keen 
controversies, which mark the history of geology in the Piedmont, are 
characteristic of the pioneer stages in the exploration of every difficult 
terrain. For the Alps this phase, too unfamiliar to most geologists, 
has been set forth in delightful fashion by E. B. Bailey in a book just 
published.* All, whose interest has been aroused by the controversy 
in the Piedmont, will derive pleasure and benefit from this fascinating 
book. 


Reply by B. L. MILLER 


Bucher’s discussion is welcomed, as are all contributions that assist 
geologists in eventually solving some of the structural problems of 
southeastern Pennsylvania geology. 

The writer objects strongly to Bucher’s implied charge of loose 
thinking, based on two quotations of contradictory (?) character, 
erroneously attributed. An examination of the article will plainly 
show that the quotation describing the complexity of the region is the 
writer’s (p. 716), whereas the somewhat imperfect quotation in which 
the opinion is expressed that “the geological relationships .. . are 
. . . far simpler than has been believed before (heretofore)” (p. 726) 
was made by A. C. Hawkins. Further, Hawkins’ statement is not re- 
garded as indicating a belief in the simplicity of the geology of the 
area. 

Regardless of conditions in the Alps or in other regions, the writer 
maintains that the “parallelism of the strike of the limestones and 
the trend of the schist-limestone contact is of major significance,” 
especially as it is well supported by additional evidence, and the lime- 


®E. B. Bailey: Tektonic essays, mainly Alpine. Clarendon Press (1935). Oxford. 
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stones are steeply dipping. It might have been ignored if other evi- 
dence was in conflict. 

The writer does not at all subscribe to the view that we must assume 
the former existence of “thrust masses of similar magnitude . . . now 
removed by erosion” if we rule out the “Martic Overthrust.” The 
arguments advanced appear to the writer as of questionable value. A 
full discussion would far exceed the imposed limitations of space. 


Highlands near Reading, Pennsylvania; an erosion remnant - a it 
overthrust By W. Stose and Anna I. Jonas 
(pages 757-780) 


Comment by B. L. Mrtuer and D. M. Fraser 


The region discussed is one of extreme structural complexity. 
The strata have been folded and faulted to such an extent that even 
with bare rocks it would be difficult to determine the exact structure 
in many places. With a deep cover of soil and talus over most of the 
area, it is to be expected that there should be different interpretations 
of many places. Stose and Jonas have offered a new explanation, which 
appeals to them as harmonizing the observed complexities, and have 
presented some evidence, of a circumstantial character, in support of 
their interpretation, but have failed to present a single fact of positive 
evidence. The writers have sought to test this new theory by careful 
examination of critical areas and have reached the conclusion that it 
does not fit the facts and, therefore, offer the following discussion. 

1. “Windows”. Plates 52 and 53 show a number of “windows” of 
limestone of irregular shape, surrounded by gneiss. Windows should 
offer the best evidence for extensive overthrusting; therefore, an in- 
vestigation has been made of several of the areas mapped as windows. 

The “window” considered most important, in that it lies well within 
the so-called “overthrust” block, is that designated as Antietam Cove, 
an area about 114 miles long, with a maximum width of one mile. 
Their map shows the floor underlain by Elbrook Limestone, with the 
surrounding hills composed of pre-Cambrian rocks. Careful search 
here has failed to yield any evidence of limestone of any kind. Numer- 
ous springs indicate faults, but the flats are strewn with pre-Cambrian 
crystalline boulders. In one part of the valley, some jasper fragments 
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were noted, but these cannot be considered as evidence of the presence 
of limestone, as will be discussed in a later paragraph. 

Fortunately, within the past few years, three wells have been drilled 
in the margin of this “window” as mapped, and only a few feet above 
the low ground shown as Elbrook limestone. According to the inter- 
pretation of Stose and Jonas, these wells should have encountered the 
underlying limestone within a few feet. Instead, all three wells, rang- 
ing in depth from 85 to 95 feet, were throughout in igneous rock. These 
and other wells in the region have yielded soft water. No proof for 
the existence of any limestone in Antietam Cove has been found, so 
the writers eliminate this area as even a probable “window.” 

A second “window” is shown south of Manatawny Cove. Here 
again, Elbrook limestone is mapped in an area of low ground bordered 
by pre-Cambrian rocks. No limestone was observed, and the farmers 
in the region state that all the wells and springs yield soft water. 
There is more Hardyston quartzite present here than is shown on the 
Stose-Jonas map, and the valley has the appearance of a sharp syn- 
cline or down-faulted block. In view of the presence of the Hardyston 
there is a possibility that at one time there may have been some lime- 
stone present, but not beneath the pre-Cambrian crystallines. If any 
limestone does occur, or was once present, it would be much more 
reasonable to expect it to be the Tomstown, which normally overlies 
the Hardyston, rather than the Elbrook. 

The small “window” midway between Eschbach and Manatawny 
Cove contains both Hardyston and Tomstown and is better explained 
as a syncline or normal fault than as an overridden block. There is 
plenty of evidence here of normal, and possibly local, reverse faulting. 

Dale Valley is mapped as underlain by Tomstown and Elbrook 
limestones and one very small area of Hardyston. A large part of the 
Hardyston of the valley is not shown on the map. It occurs on both 
sides of the valley and is represented by both the jasper and the sand- 
stone varieties. A correct mapping of the area makes this appear much 
more like a synclinal valley than like a “window”; in fact, it is almost 
impossible of interpretation as a “window.” 

Another “window”, lying about midway between Seisholtzville and 
Zionsville, mapped as Elbrook limestone surrounded by pre-Cambrian 
rocks, has no limestone exposures, and no evidence could be obtained 
of limestone water in wells or springs. Loose fragments of Hardyston 
jasper and sandstones are present in the fields, and this formation very 
likely underlies part of this region, although it is not shown on Plate 
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53. This, again, would be more reasonably interpreted as a local 
syncline or graben. 

The steep-sided longitudinal valleys, also described as “windows”, 
are much more reasonably interpreted as synclines where the normal 
sequence of pre-Cambrian gneiss-Hardyston-Tomstown occurs, or as 
down-faulted blocks where one or more of the members is absent. An 
examination of sections C of Figures 8 and 9 shows that the fault plane 
touches the Paleozoic strata in the synclines that existed before the 
supposed overthrusting. It is most improbable that under such con- 
ditions the thrust plane would again have entered the underlying, more 
massive, and stronger rocks. Instead, it surely would have been con- 
tinued entirely within the less competent Paleozoics. 

Again, it is, indeed, strange that the pre-thrusting synclines should 
later become the loci of post-thrusting “gentle anticlinal uplifts” which 
Stose and Jonas state have resulted in the formation of these narrow 
steep-sided valleys. 

The maps (Plates 52 and 53) show numerous occurrences of the 
Hardyston preserved within the areas of pre-Cambrian rocks, by down- 
ward faulting or possibly synclinal folding. With this situation, it 
seems strange that all areas which contain limestones, even those as- 
sociated with Hardyston, are interpreted as “windows” and those 
areas of Hardyston alone are regarded as the results of local faulting 
or folding. 

If the irregular “windows” described above do not exist, as the in- 
vestigations described seem to indicate, there is little basis for the 
statement that “the pattern of the topography also obviously is that 
of a dissected and fractionated thrust block.” 

The marked parallelism of the ridges and valleys with etinaiannilaes 
southwesterly trend as well as the same parallelism of structures, as 
described by Stose and Jonas, surely indicates that the “pattern of 
the topography” is one of Appalachian folding, slightly modified by 
local faults. The existing topography has been developed by the un- 
equal resistance to erosion of the gneisses and the adjacent limestones. 

It should be emphasized that the omission of areas of Hardyston 
on the Stose-Jonas maps and the designation of hypothetical patches 
of limestone as Elbrook instead of Tomstown are evidently in part 
responsible for the “window” theory. 

2. Drill Holes in “overthrust block.” Stose and Jonas state that 
the mountain area is “part of a great overthrust sheet which has ridden 
northwestward on a flat fault plane.” They believe that some normal 
faulting and gentle folding occurred later. It seems, therefore, that 
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limestones should be encountered beneath the gneiss hills, at about the 
level of the floors of the limestone valleys or certainly not far below. 

Some drilling has been done in the areas of pre-Cambrian rocks form- 
ing part of the “overthrust block,” where underlying Paleozoic rocks 
should have been encountered but were not found to be present. One 
of these is located on the mountain side southeast of Emaus and was 
drilled for the Borough of Emaus. It was started in the Hardyston, 
entered the gneiss, and continued in this rock to a depth of 700 feet, 
about 550 feet below the level of the adjoining limestone of the valley,? 
less than one-quarter mile to the northwest. 

In 1911 the Manatawny Bessemer Ore Company prospected an iron 
ore property east of Spangsville in the “overthrust block.” Shafts were 
sunk to the depth of 190 feet, entirely in pre-Cambrian rocks, although 
the bottom of these openings was considerably below the level of the 
limestones in the Oley Valley, about three-fourths mile distant. A 
man who worked for the company is authority for the statement that 
some prospect drillings, nearly 500 feet in depth, were made at this 
locality without encountering any of the valley (Paleozoic) limestones. 

About 25 years ago the Berks County Development Company sank 
several shafts and made a 1200-foot prospect diamond drilling on 
Shenkel Hill in the “overthrust block,” in search of magnetite ore 
bodies. The shafts and the entire drilling are reported, by several 
persons who assisted in the operations, as having been made in pre- 
Cambrian rocks. The site of the drilling is about 400 feet above the 
level of the Paleozoic limestones in the Oley Valley, about one mile 
distant, and, therefore, the lower 800 feet, approximately, should have 
been in Cambrian limestones. A satisfactory record of this hole has 
not been obtained, but an examination of the drill cores, now badly 
disarranged, failed to reveal a single piece of Paleozoic limestone. 

Without citation of a single definite locality where there is any 
positive evidence of Paleozoic limestones overridden by pre-Cambrian 
crystalline rocks, and with positive evidence in several localities that 
such a situation does not prevail, unless one postulates deep synclines 
of pre-Cambrian rocks in close proximity to the areas of so-called 
overridden Paleozoics, the overthrust theory as advanced by Stose 
and Jonas would seem to be definitely disproved. 

3. Chert. Stose and Jonas make the positive statement that the 
chert or jasper found in the borders of the limestone valleys “is not 
replaced quartzite . . . but is derived from the replacement of lime- 


2B. L. Miller: Mineral resources of the Allent quadrangle, Pa. Geol. Surv., 4th ser., 
Topog. and Geol. Atlas, no. 206 (1925) p. 181. 
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stone by silica along the thrust fault” (p. 772). Evidently they are 
not familiar with the occurrence of the chert in these regions. The 
writers consider it a phase of the Hardyston formation, as it is found 
in place far up on the hillsides, conformably overlying sandstone and 
quartzite beds of the Hardyston. In one instance, this material occurs 
as the capping of a large gneiss hill, where it was worked by the 
Indians for yellow and red jasper for arrow heads. These occurrences 
are incompatible with the quoted statement above. In most places 
it is not found in place but is represented by blocks in the talus or 
soil, almost invariably associated with fragments of Hardyston sand- 
stone and quartzite. In no place is it known to occur where the presence 
of Hardyston would be inconsistent. The “mountain” limonite iron 
ores are mainly, if not entirely, confined to these chert zones.” 

Many of the details concerning the origin of the chert are still prob- 
lematic. Certain evidence indicates it to be a replacement of some of 
the beds of the Hardyston; other features suggest an original colloidal 
silica deposit.® 

4. Mylonite. The presence of mylonites about the borders of the 
so-called “windows” is emphasized by Stose and Jonas. This might be 
very important evidence in support of the great “overthrust” if it 
were always, or usually, developed where they map the overthrust 
fault and if those were the only places where mylonites occur in the 
region. 

Places which they cite as exhibiting mylonitic phases of the pre- 
Cambrian have been examined, and evidence of shearing action was 
noted. On the other hand, similar rock has been observed in many 
places throughout the area of pre-Cambrian rocks between the Schuyl- 
kill and the Delaware rivers, and in places where it could in no con- 
ceivable manner be regarded as connected with the fault plane of 
the proposed “Reading Overthrust.” Slickenslides and shear (mylo- 
nitic) zones are abundant and in many places were probably produccd 
by pre-Cambrian disturbances. The presence of sheared rock in par- 
ticular localities, therefore, furnishes little evidence in support of a 
great overthrust. 

5. Irish Mountain and Lock Ridge. Two areas of the Reading Hills 
are not included in the “overthrust block.” These are Irish Mountain 
and Lock Ridge. They are explained in a novel manner as follows: 
“The Irish Mountain anticline . . . apparently rose in front of the 
advancing overthrust.”” Lock Ridge is also described as “an anticline 


2 Op. cit., p. 33-49. 
%P. B. Myers: The origin of jaspers in Lehigh and Northampton counties, Pa. Acad. Sci., 


Pr., vol. 8 (1934) p. 87-92. 
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in front of the overthrust.” If a great block, hundreds of feet in thick- 
ness, has been thrust northwestward a distance of 25 or more miles, 
as suggested, it is almost unbelievable that the moved block would 
come into a position such that later normal faulting and erosion should 
result in the fronts of both the overthrust and the unmoved blocks 
being in almost perfect alignment as they now are. This alignment 
is shown on Plate 53 and is even more noticeable on the topographic 
maps of the Reading and Boyertown quadrangles. 

Furthermore, the granite and the Hardyston in the supposedly moved 
and unmoved blocks are indistinguishable lithologically on either side 
of the “thrust” fault. The original mapping of the Reading quad- 
rangle by E. T. Wherry (modified by G. W. Stose) shows the Hardy- 
ston on the hill slope of the unmoved block in contact with the Hardy- 
ston of the “overthrust”, both on the northeast and on the southwest, 
although in both cases slightly offset by local faults. On Plates 52 
and 53 this mapping has been slightly modified, so that such a relation- 
ship is less apparent. Perhaps the change in mapping was occasioned 
by failure to include the chert and jasper within the Hardyston. 

6. Constitution of the Hardyston. The Hardyston is of variable 
composition between the Schuylkill and the Delaware rivers, and is by 
no means uniformly divided into the three members, as described 
on page 760. Scolithus linearis is abundant in certain regions, spar- 
ingly present in some, and altogether absent in others. Similarly, the 
conglomeratic, the cherty, and the arkosic phases, and also the pinite, 
are sporadic in their development. These variations cannot be used 
to explain structure, as they are due to differences in the orginal de- 
posits. Therefore, objection is made to the statement that “the recog- 
nition and separation of these distinctly different beds of the Hardy- 
ston quartzite are essential to the working out of the structure of the 
area” (p. 760). 

Although one is distinctly not wareehédi in anion any far-reaching 
structural conclusions on such differences in the Hardyston, locally 
such data may be useful. A case in point, which casts further doubt 
upon the overthrust theory, is the striking and unusual development 
and close similarity of the arkosic sandstone variety on the west 
side of Mt. Penn and Deer Path Mountain, where Stose and Jonas 
include it as part of the “overthrust block”, and its occurrence on 
similar slopes of the unmoved mountain mass east of Temple. In 
both places it has been extensively quarried for sand. To one familiar 
with the Hardyston formation, it is unreasonable to believe that these 
close similarities could exist if the strata in the two localities were 
originally deposited many miles apart. 


HIGHLANDS NEAR READING, PENNSYLVANIA 2037 


7. Structural discordance. Any one working in the region can 
readily appreciate Lesley’s description of the structure, as quoted on 
page 762. If this applied only to the contact of the mountain and 
the valley formations it might be censidered as evidence of a great 
overthrust. On the contrary, it is more appropriately applied to the 
limestones that lie to the north and northwest of the pre-Cambrian 
rock areas and too far distant to have had any part in the movement 
that is said to have produced the great “Reading Overthrust.” Struc- 
tural discordances due to local normal and reverse faulting, overturned 
folds, are everywhere numerous. 

The writers have found no evidence whatever for mapping Elbrook 
and Conococheague rather than Tomstown in contact with the Hardy- 
ston along the west side of Mt. Penn and Deer Path Mountain, as 
described on page 767, nor for the positive statement that on the west 
side of these mountains “the quartzite dips west but does not pass 
under the valley limestones which are structurally and stratigraphically 
discordant to it” (p. 762). All the observations made in this region have 
been disappointing because the deep talus cover conceals the contact. 
Any evidence for the quoted statement is extremely important and 
should be presented in detail. 

The writers have searched in vain in the Stose-Jonas article for any 
positive structural evidence in support of the theory presented. Con- 
tacts of Paleozoic limestones and pre-Cambrian gneisses are not suffi- 
cient. Such contacts exist, but they can be more logically explained 
by local movements. 

8. Minesite locality. Stose and Jonas state that “the isolated hill 
near Minesite, which is also an erosion remnant of the overthrust mass, 
is 3 miles north of the mountain (South Mountain) front and marks 
the minimum northward extent of the overthrust movement.” There 
are several indications that this is not the correct interpretation. If 
it were a part of the overthrust block the sole of the fault must have 
been grealy folded to pass above the existing dolomitic limestones 
lying between Minesite and South Mountain, or the Minesite mass 
has been faulted downward. The absence of the Hardyston quartzite 
from the northwestern flank of South Mountain but developed on the 
north slope of the Minesite hill, as shown on their map, may make 
their explanation more piausible. Their map, however, is incorrect 
in this respect, as the Hardyston is well developed on the northwest 
side of South Mountain in the vicinity of Emaus, where it was once 
extensively quarried. It dips northwestward on both South Mountain 
and Minesite Hill. Surely, this condition would be unlikely if the 
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gneiss of the two regions was once continuous above the Cambrian 
limestones. 

Geophysical observations by the seismic method, recently made, 
indicate that the gneiss of the Minesite hill is continuous northeast- 
ward beneath the Cambrian limestones. 

Lack of space forbids further discussion. It is believed that enough 
information has been presented to prevent the acceptance of the 
“Reading Overthrust” without more specific evidence. The theory 
should be supported by at least some positive evidence and citations 
of exact localities where the relationships claimed to exist can be 
plainly seen. If such data are available, they will be gladly received. 


Reply by G. W. Stross and A. I. Jonas 


It is evident from Miller and Fraser’s discussion of our paper that 
they do not agree with our conclusions. To our minds this lack of 
agreement arises from several fundamental differences of geological 
interpretation of the facts in the area. They and the authors agree 
that the so-called windows are flat-bottomed valleys bordered by 
springs and strewn with jasper-like chert masses, even where lime- 
stone is not exposed, and that mylonite is present around many of 
the windows. 

The reasons for their disagreement with us on the major structural 
problems lie in the difference of opinion on the following points: The 
origin of the jaspery chert; the stratigraphy of the Hardyston quartz- 
ite; the method of mapping the Hardyston; subdivision of Paleozoic 
limestones; the interpretation of mylonite; and the interpretation of 
the marked structural discordance observable between the rocks in 
mountain blocks and those in the adjoining valley. Reports of drill- 
ings must, of course, be considered, but the depth of old drillings and 
their character, if information comes by word of mouth, is, at best, 
hearsay. 

The large irregular masses of jaspery chert may be readily distin- 
guished from flint and chert normally found in bedded limestone. 
Such jaspery chert, in our opinion, is not a part of the sedimentary 
quartzite series, although in this area it is found in several places as 
a cementing material of quartzite brecciated along faults adjacent to 
limestone. It is common in valleys and on the borders of the mountain 
and in those interpreted as windows in the Reading-Boyertown area. 
In the southwestern part of the Allentown area, deep steep-sided 
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valleys containing such chert and no quartzite have been mapped by 
Miller as Hardyston. In the Appalachians, quartzite does not make 
valleys. 

We claim that the stratigraphic section of the Hardyston quartzite 
given in our paper is constant throughout the area, as can be demon- 
strated in the field. The junior author, with E. B. Knopf, mapped the 
crystalline rocks of the Reading, Boyertown, and Quakertown quadran- 
gles on foot, and covered every hill and valley. They vouch for the 
statement that in these three quadrangles no area of Hardyston quartz- 
ite in place has been unmapped. Float of quartzite which covers wide 
areas has not been mapped as Hardyston. In the Dale Valley, referred 
to by Miller and Fraser, wide areas of quartzite float are not quartzite 
outcrops, and the areas of quartzite mapped are, therefore, much 
restricted. 

Miller and Fraser do not agree with our mapping of the division of 
the Paleozoic limestones into formations. Where limestone actually 
crops out, the identification of the formations was based on character- 
istic lithology of these formations, with which the authors are familiar 
over a wide area of the Appalachian Valley. Where limestone does 
not crop out, as in many of the mountain valleys, we state (Pl. 53) 
our reasons for the mapping of the formations. Many structural facts 
necessarily omitted from the small scale geological maps in our paper 
will appear on the final, colored maps with topographic base, in the 
final report on the area. 

Miller and Fraser state that in the area between the Schuylkill and 
the Delaware rivers they have seen mylonitization in pre-Cambrian 
rocks “in places where it could in no conceivable manner be regarded 
as connected with the fault [thrust] plane,” and state that “slicken- 
sides—were likely produced by pre-Cambrian disturbance.” Under 
mylonitization they evidently include slickensides and shear planes, 
which the writers consider in most cases are the result of normal fault- 
ing, both Paleozoic and Triassic. In the Reading, Boyertown, and 
Quakertown quadrangles, all occurrences of mylonite and augen gneiss 
are believed to be related to the overthrust movement. 

The evidence of stratigraphic and structural discordance of the rocks 
of the mountain area with the adjacent rocks of the valley, presented 
on pages 767-769 of our paper, does not seem adequate to convince 
Miller and Fraser of the existence of the Reading overthrust. This 
evidence will be presented in more detail in our later report, to be illus- 
trated with geological maps of the area. 

The writers are indebted to Miller for his exhaustive criticism of 
their published reports on the Reading area and areas to the south- 
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west which involve the Martic overthrust. In reviewing the field work 
on the Martic overthrust problem, made necessary in part by the ques- 
tions raised by Miller, the unconformable relations of the albite- 
chlorite schist (Wissahickon) of the South Valley Hills to the Cones- 
toga limestone has been made more certain by the recent discovery 
that the age of Conestoga limestone, previously thought to be Chaz- 
yan, is somewhat older. 


Tectonics of the Mount Diablo and Coalinga areas, Middle Coast Ranges of 
California. By Bruce L. Clark 
(pages 1025-1078) 


and 


Geology of Mount Diablo and vicinity. By Joseph A. Taff 
(pages 1079-1100) 


Comment by Bartey 


In connection with the papers by Clark and Taff, I would endeavor 
to indicate the broader bearings of the problems on the geology of 
the Coast Ranges. I feel privileged to do so since both the authors 
have invited me to field conferences and have discussed their con- 
clusions with me, in an earnest endeavor to arrive at a correct solu- 
tion. That it has not been possible to accomplish that desirable result 
is attributable (1) to the obscurity of the facts, particularly regarding 
buried structures, (2) to as yet partially indeterminate stratigraphic 
and paleontologic data, and (3) to our inadequate understanding of 
the mechanics of Coast Range deformation. 

Among geologic provinces in which there are sedimentary forma- 
tions rich in fossils, the Coast Ranges of California present more diffi- 
culties than any other with which I have become familiar. The usual 
criteria for systematic classification and structural interpretation are 
found to be misleading and have misled many good geologists. Strata 
vary widely in significant characters in surprisingly short distances; 
neither lithology, nor thickness, nor even sequence, can be assumed 
to be reliable guides to identity. Diagnostic fossils, assumed to be 
characteristic of certain horizons in Mesozoic or Tertiary formations, 
may be discredited by mistakes in stratigraphic identification. Struc- 
tural relations, if interpreted on a fallacious basis of stratigraphy and 
paleontology, are not what they are supposed to be. Both authors 
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are well aware of these difficulties and have had long experience with 
them; but their intimacy with the geology has not brought agreement, 
partly because of the large unknowns in the problem, partly because 
of those limitations from which none of us can wholly free himself. 

Admitting frankly that I must rely on my colleagues for guidance 
in matters stratigraphic and paleontologic, I. venture to indicate the 
lines of approaci: to this and similar structural problems in the Coast 
Ranges, according to my understanding of the mechanics of the special 
type of deformation characteristic of this orogenic belt. I would con- 
fess that I came here twenty years ago somewhat confident of my 
knowledge of structural geology and soon discovered that this was a 
study beyond my Appalachian, grammar-school education. And if I 
now have a little better understanding, it is because I have learned 
that, under some conditions, rocks shear, in lieu of folding. 

According to my present understanding, the dominant structures 
of the Coast Ranges are shearing planes of at least three classes: the 
primary shears are verti-planes on which the displacements are chiefly 
horizontal, subordinately vertical. They have great strike length. The 
most typical, the San Andreas rift, is over 500 miles long, but probably 
consists of two or three segments. A plausible explanation of these great 
rifts is that they lie in the margins of large discoidal bodies that are 
twisting past one another as they gradually rotate under unbalanced 
pressures. 

Shears of the second class spring from those of the first class, as a 
spall springs from a block under pressure. They start from the primary 
shear at depths of 5 to 10 miles or more, diverging from it at an angle 
that approximates 45 degrees, and curve upward toward the surface, 
where they appear nearly vertical. They may be described as high 
angle thrust faults. Any displacement is predominantly up the dip, 
though, of course it may assume a diagonal orientation. Several 
examples of this class of fault occur in the San Francisco Peninsula. 
One of them embraces Mt. Tamalpais on the north and east and 
extends southeastward in San Francisco Bay, just east of the city; 
the raised block between it and the San Andreas rift is the peninsula 
itself. 

Shears of the third class spring from those of the second class, as 
an effect of pressure, which may be locally intensified ‘ various ways. 
An example is the San Bruno fault of the Peninsula, which springs 
from the Tamalpais fault and cuts out of the superficial crust the 
block that has been pushed higher and forms the hills along the east- 
ern side. 
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Shears of the second and third classes cut out mountain blocks that 
are wedge-shaped. The edge of the wedge lies approximately hori- 
zontal. The sides may converge downward or upward. Pressure 
against the sides pushes the wedge up or down accordingly. 

This explanation of my understanding of Coast Range faulting is 
a necessary introduction to the interpretation which I regard as the 
most probable explanation of Mt. Diablo. 

Mt. Diablo is a block of old 
rocks pushed high above the 
normal position for basement 
rocks of that age. It is sur- 
rounded by faults. While it 
is true that the dip of the 
faults is obscure and probably 
very steep at the outcrop, it 
seems reasonable to infer 
from the uplift itself that 
they converge under it and 
that it has been raised by 
compression of its roots. In 

Ficure 2—Mechanism of faulting in — judgment, the mountain 

the San Francisco peninsula is an illustration, on a small 

Diagrammatic; not to scale scale, of the principle of 

wedge-block faulting, long 

since described by Rollin T. Chamberlin, and known to be character- 

istic of Rocky Mountain structure as well as of the Coast Ranges of 
California. 

I would carry this interpretation somewhat further, to explain the 
anticline that extends southeastward from Mt. Diablo. The mountain 
itself may be regarded as the locus of intense shearing and compres- 
sion, but the effects are presumably not limited to its mass. Shearing 
is the characteristic mode of deformation of the basement rocks. Two 
shears, cutting out a wedge below the Cretaceous sediments and pro- 
viding the mechanism on which it could be forced up, would initiate 
the anticline, and the combined effects of vertical upthrusting and of 
horizontal compression in the strong sandstones would result in a fold 
of the observed character. Probably there would also be some internal 
faulting in the overlying strata above the wedge, which would follow 
bedding planes in part and be obscure, but would duplicate the se- 
quence. The extraordinary thickness of the Cretaceous suggests such 
a possibility. 
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Reply by J. A. Tarr 


The difficulties in the way of systematic classfication and structural 
interpretation which Bailey Willis mentions are applicable to the 
central and western sections of the Coast Ranges but not to the eastern 
part bordering the great valleys, Sacramento and San Joaquin. In the 
eastern part of the Coast Ranges, Mesozoic and Eocene, and the lower 
part of the Miocene, formations are not obscured by frequent changes 
in stratigraphic characteristics and by numerous overlaps of later 
Tertiary formations or by complicated faulting, as in the central 
valleys and western ridges along the San Andreas and related fault 
zones. Cretaceous and Eocene strata in particular are well displayed 
in exposures to the northern and eastern parts of Mount Diablo anti- 
clinal area and in the foothills bordering the west side of the Sacramento 
and San Joaquin valleys. Differences in opinion arise, it is true, among 
paleontologists as to whether certain of the upper Cretaceous strata 
should be included in the Panoche or Chico formations or as to whether 
certain strata of the Tertiary should be classed as Eocene or Oligocene, 
but the lithologic features and sequence are characteristic and may 
be easily located and traced upon the surface. 

Willis modestly refers to his “Appalachian grammar school educa- 
tion” as not being adequate for Coast Range structural mapping and 
interpretation. Begging pardon for the personal reference, the writer 
had a decade of experience in the grammar school of Appalachian 
areal and structural geology, under the supervision of the head master, 
Dr. Bailey Willis. It is the writer’s opinion, based upon the experience 
of the past 26 years in California in areal and structural geology in 
the interest of petroleum economics, that the principles of areal and 
structural geologic surveying established by the Federal Geologic Sur- 
vey in the Appalachians, if systematically applied, will reveal the 
structural geology correctly. The principles of the procedure are as 
follows: 

(1) Establish the sequence of the sedimentary series, the mappable formations 
or lithologic units and the age of same, as far as practicable, by preliminary 
surveys if it has not already been accomplished. The exact age of the formation, 
zone, or lithologic unit at this stage of the work is not of vital importance 
providing the order of sequence of sedimentary beds is established. 

(2) Assemble or formulate all possible hypothetical or theoretical structural 
problems as working hypotheses to be proven or abandoned in the progress of 
the more detailed mapping. 

(3) Proceed to locate by areal geologic surveys and place upon an accurate 

map all contacts between mappable formations, zones of strata, or lithologic 
units, noting at the same time the attitude of the outcropping strata, as fre- 
quently as practicable, and, in the progress of the work, collect and note the 


stratigraphic position of the fossils. As the areal surveys progress, keep con- 
tinually in mind and check all formulated working hypotheses. 
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Reconnaissance or preliminary areal surveys had been made of prac- 
tically the entire area of the Mount Diablo district, extending east- 
ward to the San Joaquin Valley, and the sequence of the formations 
had been established, together with their general characteristics. The 
general classification of the strata, together with several hypotheses 
or theories on the structure of the Mount Diablo had been published. 

At first, H. W. Turner * held that lateral Coast Range stresses operat- 
ing in Miocene time formed perhaps a low anticlinal uplift in the 
vicinity of Mount Diablo, but that the anticlinal structure of the en- 
closing Cretaceous and Tertiary strata was formed at the close of the 
Pliocene by the elevation of the central metamorphic Franciscan rocks, 
Faulting was not recognized except locally in the south side of the 
structure southeast of Mount Diablo. Bruce L. Clark? held that 
Mount Diablo was faulted up into the Cretaceous as a horst and then 
faulted southwestward ten miles or more, by a low angle (5 to 6 de- 
grees from horizontal) Alpine or Appalachian overthrust to its present 
position ; that the fault plane was later folded, permitting Mount Diablo 
to rest in a synclinal structure. This view was held by Clark during 
the field conferences with Willis and the writer, as was also his con- 
ception of the Riggs Canyon fault south of Mount Diablo, on the 
strike, and essentially along the contact between the Cretaceous and 
the Tertiary strata. The several views or conceptions of the structure 
involved in the Mount Diablo area were seriously considered as work- 
ing hypotheses by the writer in the progress of his field work during 
various times through 1932-1934. 

All who are familiar with the area know that the Cretaceous and 
succeeding Tertiary rocks in the north side of Mount Diablo structure 
dip uniformly north to northeast, at angles varying a little above or a 
little below 40 degrees. Assume the low-angle Diablo thrust fault plane 
inclined 5 to 6 degrees toward the northeast, cutting these strata, and 
cut, in turn, by transverse faults which produce horizontal displace- 
ments up to several miles. Formation contacts traced through the 
field and across the assumed fault traces failed to reveal distortions 
or displacements in evidences of the Diablo overthrust. Likewise, 
when formation contacts in the south side of Mount Diablo, between 
the upper and the lower Cretaceous, between the Cretaceous and the 
Eocene, and between the Eocene and the Miocene, are traced and 


1H. W. Turner: The geology of Mount Diablo, California, with a supplement on The 
chemistry of the Mount Diablo rocks, by W. H. Melville, Geol. Soc. Am., Bull., vol. 2 (1891) 
p. 383-414. 

2 Bruce L. Clark: Thrust faulting in the Mount Diablo region of middle California [abstract] 
Geol. Soc. Am., Bull., vol. 36 (1925) p. 152, 205-206. 


> 
q 
| 
: 
i 
| 


GEOLOGY OF MOUNT DIABLO AND VICINITY 2045 


the attitude of the strata noted, at the same time keeping in mind the 
stratigraphic relations between the Cretaceous and the Tertiary and 
between the Eocene and the Miocene (p. 1089, 1093, 1097), the Riggs 
Canyon fault cannot be located by the writer. 

The Tertiary strata exposed along and near the location of the pre- 

sumed Riggs Canyon fault trace do not contain the detrital material 
that they should be expected to hold had they been deposited against, 
or in the proximity of, the high land mass or positive fault block postu- 
lated. Also, the fault, as located across Riggs Canyon, transects folded, 
but not otherwise displaced, upper Cretaceous and overlying Eocene 
strata. 
The general understanding of the structure of Mount Diablo proper 
on the part of all concerned now seems to be in accord with the general 
conception of the dominant Coast Range structure—i.e., an upthrust 
of a segment of Franciscan rocks on essentially vertical shear planes, 
by deep-seated eastward compression. Whether or not the segment 
is in the form of a wedge-block converging downward, as inferred 
by Willis, or as a piercement plug-like protrusion, its general surface 
outline is semi-circular in the axis and near the apex of an uplift 
involving many thousand feet of Cretaceous and Tertiary rocks. The 
writer’s opinion is that it is a variation from the usual Coast Range 
wedge-block fault structure and that it may be typical of several 
others, similar farther south in the Mount Diablo and Temblor ranges, 
protruding in the axes of, or in association with, folds, and between 
pairs of faults trending en échelon with the mountain range toward, 
or into, the San Joaquin Valley, and that the folding and faulting 
proceeded together but were probably initiated by folding, as indi- 
cated by the development of the Mount Diablo-Altamont anticlinal 
structure. In the case of Mount Diablo and the Coalinga anticline 
in San Joaquin Ridge the faults bounding the upthrust Franciscan 
rocks do not extend on the surface appreciably into the Cretaceous 
structures. In the latter instance the outline of the protruding mass 
is oblong, in the trend of the structure. 
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Physiographic development of the Front Range. 
By F. M. Van Tuy! and T. S. Lovering 
(pages 1291-1350) 


Comment by Joun L. Ricu 


This paper constitutes a challenge to physiographers to re-examine 
the underlying principles of their science. 

This discussion is written to show wherein the basic physiographic 
reasoning of the paper is believed to be unsound and why, consequently, 
its conclusions cannot be considered established. It applies only to the 
five earlier erosion surfaces and their dating. 

The paper is an application to the Rocky Mountain region of a 
tendency recently noticeable among Appalachian physiographers, to 
find numerous peneplains one below another and separated by vertical 
intervals so small that, by assuming only moderate departures from 
the norm, any hilltop, ridge, or flattened bench can be referred to one 
or another of them. The altitude limits of the five upper peneplains 
of the Front Range cover practically the whole vertical interval be- 
tween the lowest and the highest. Since topographic features at any 
altitude can be fitted into such a scheme, correlation by altitude alone 
is of doubtful value. 

The authors’ concept of successively younger peneplains, one below 
the other, which they correlate on the basis of present elevations, and 
some of which they date back to early Eocene, implies intermittent but 
progressive bodily uplift of the whole 200-mile length of the range as 
a unit. It demands that no significant warping or faulting shall have 
taken place since early Eocene time. This in itself is inconceivable 
in view of the extensive post-early Eocene vulcanism which has affected 
the region. It is doubtful if anyone would argue that magma outpour- 
ings as extensive as those would not have involved pronounced differ- 
ential movements of uplift or subsidence. 

Moreover, the concept as developed implies that the successive up- 
lifts were without pronounced transverse doming, for if such doming 
were admitted it would no longer be necessary to assume so many 
cycles of erosion, for surfaces now at lower altitudes on the outer 
borders of the range might be of the same age as considerably higher 
surfaces part way back from the border and as still higher surfaces 
on the crest. 

Another implication of progressive bodily uplift is that the older 
surfaces have been exposed to erosion continually since their forma- 
tion in early Eocene time, and at elevations progressively higher above 
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base level. Such a concept encounters physiographic difficulties in 
several instances because of the small amount of erosion which the sur- 
faces can be shown to have suffered. For example, the Green Ridge 
surface at its type locality (see Home quadrangle, Colo., and Pl. 100, 
fig. 2) is a remarkably well-preserved extreme old age surface of con- 
siderable extent, developed on pre-Cambrian crystalline rocks. The 
surface is dated as middle Eocene, and, according to the concept of 
progressive step-like bodily uplift which is implied by the authors’ 
treatment, it must have been exposed to erosion continually since that 
time and particularly while the lower “peneplains” described in the 
caption of Plate 100, figure 2, were forming around it. The surface 
would seem to have been exposed long enough so that the streams 
draining it could have graded their courses, yet the plateau-like sur- 
face is little dissected, and every one of the streams draining it to the 
north, west, and south cascades off it, through an ungraded hanging 
valley. In strong contrast to this condition is the eastern edge of the 
Green Ridge surface, which is retreating cuesta-like under the head- 
ward attack of fully graded eastward-flowing streams. These rela- 
tions suggest strongly that the Green Ridge plateau has only recently 
been stripped of a sedimentary cover which has protected all but its 
eastern edge from erosion, and that it is, therefore, a resurrected 
surface. 

The authors have attempted to dodge the difficulties inherent in the 
theory of ungraded streams cascading from a plateau exposed since 
the middle Eocene, by suggesting (p. 1333) that “the possibility of this 
peneplain having been protected for a considerable period by a sedi- 
mentary covering must be considered seriously.” Undoubtedly it must, 
but such an admission is contrary to the basic thesis of their paper, 
which, by implication, calls for progressive step-like uplift. 

If the older surfaces have been continuously exposed to erosion since 
their formation in Eocene time, one cannot correlate them by their 
present altitudes without assuming that they have suffered little or 
no wasting and lowering while several later peneplains were formed 
below them. Such an assumption is inadmissible, because erosion 
surfaces are produced mainly by unconcentrated rainwash and creep, 
and these continue, unabated, their work of reducing the higher sur- 
faces while lower ones are being formed. Unless the rocks are every- 
where of uniform resistance to wasting (as is certainly not the case in 
this area), remnants of higher surfaces would not only be considerably 
lowered everywhere, but, also, they would be differentially lowered, 
so that, starting from a given surface, an area on weak rocks might be 
lowered several times as much in a given period as another on resist- 
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ant rocks. The two should not then be correlated on the basis of present 
elevation. The authors, in practice, completely ignore the rock re- 
sistance factor, one of the most essential elements in the physiographic 
development of any region. 

In many instances, the peneplains are correlated on the basis of pres- 
ent elevation of spurs, shoulders, ridges, and hilltops (p. 1305, 1306, 
for example). Entirely aside from the inevitable lowering of such 
features, their use as indicating former peneplains or erosion surfaces 
is unwarranted, because they are divide features and—in an area 
which the authors admit was not completely peneplaned—may have 
stood at almost any elevation above the base levels of erosion. 

In several places (p. 1297, line 5; p. 1339; p. 1303 first paragraph) 
the authors mention a step-like relation of one peneplain surface to 
another above, or relatively short, steep slopes separating one sur- 
face from another. Throughout, they seem to hold a concepticn of the 
various peneplains retreating step-like from the margins of the range 
or from the larger valleys. 

To question this interpretation is to raise again the argument about 
“piedmonttreppen” as understood by Walther Penck, which cannot be 
attempted here, but one of the basic principles governing stream 
work requires rapid grading of all streams of a drainage net until the 
whole area is maturely dissected—as in Plate 99, figure 2—and then 
for a gradual lowering of the interstream areas until the old age or 
the peneplain stage is reached. If, subsequently, rejuvenation occurs, 
the same principle applies, and steep-sided inner valleys should de- 
velop within the older one. Only where rock resistances are un- 
equal, or where some event such as faulting or the stripping of buried 
surfaces has occurred, should one erosion surface be separated from 
another by a relatively straight, steep slope. 

The possibility that many of the earlier surfaces have been uncovered 
relatively recently by the stripping of the sedimentary cover is men- 
tioned but seems to have had no serious consideration. Certainly, it 
has not interfered with the practice of correlating fragments of erosion 
surfaces with one or another of the peneplains, on the basis of their 
present elevations. Actually, many of the most conspicuous surfaces 
on the Front Range have features which point clearly to their having 
been recently resurrected from beneath a sedimentary cover. The 
Green Ridge surface in its type locality is one of these. Others in the 
southern Front Range are found in the area south of Pike’s Peak (Pikes 
Peak folio) and west of Canyon City (Canyon City quadrangle). In 
the southeastern part of the Pikes Peak quadrangle, a surface on pre- 
Cambrian rocks, which would pass for an excellent peneplain, has 
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small remnants of Silurian limestone scattered here and there over it, 
showing quite clearly that it is a resurrected pre-Silurian surface. 

Another instance is the floor of Wilson Park, in the southwestern 
part of the Pikes Peak quadrangle, where remnants of Cretaceous rock, 
dipping down toward the floor of the basin, a that a Cretaceous 
cover has only recently been removed. 

In the Canyon City quadrangle the remarkably smooth, but domed, 
surface through which the Royal Gorge is cut (Pl. 106, fig. 1) was long 
ago recognized as a stripped surface, by Davis,1 who advanced con- 
vincing arguments in support of such an interpretation. In fact, the 
Mesozoic rocks still rest on that surface where it dips beneath them 
in Webster Park and Eight Mile Park, immediately beyond the part 
of the surface pictured in Plate 106, figure 1. 

The authors seem not to have realized that many of the surfaces 
which they have correlated on the basis of their present elevations 
have all the characteristics of pediments. Pediments are formed with 
considerable initial slope and need have no direct relation to regional 
peneplanation. In the northwestern part of the Pikes Peak quadrangle 
the whole topography is that of a pedimented rather than a peneplaned 
landscape. Some of the long, smooth slopes rise as much as 1200 feet 
above the basin bottoms, as for example, east of Florissant. Other 
strikingly pediment-like forms appear on the northwest side of 
Thorodin Mountain (Blackhawk quadrangle). It can only lead to 
confusion to treat the physiography of the Front Range as being 
dominated by a step-like series of peneplains, when pediment forms 
are sO conspicuous. 

The evidence used in dating the earlier erosion surfaces is, in all 
instances, open to an alternative interpretation, and in some it points 
definitely to an age much younger than that assigned. In the Laramie- 
Sherman area, particularly at Mesa Mountain, the relations could as 
well be explained by a Pliocene or a later surface beveling across all 
the earlier sediments. In the case of the Oligocene (?) sediments of the 
Granby area, cited to prove early Eocene age of the Flattop peneplain, 
the dating is valid only if the 3000-foot valley of the upper Colorado 
can be shown not to represent a pre-peneplain down-warped or down- 
faulted intermontane basin in which the Oligocene sediments might 
have been preserved below base level. As a matter of fact, the Granby 
area is clearly an intermontane basin occupied by weak rocks, and 
it is significant that on Lovering’s map? the Oligocene (?) sediments, 


1W. M. Davis: The Colorado Front Range, a study in physiographic presentation, Assoc. Am. 
Geog., Pr., vol. 1 (1911) p. 52. 

2T. S. Lovering: The Granby anticline, Grand County, Colorado, U. 8S. Geol. Surv., Bull. 822 
(1930) p. 71-76. 
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which his interpretation requires to have been deposited in an erosional 
valley after the Flattop peneplain was made, are shown dipping at an 
angle of 40 degrees. 

The dates arrived at by using the known ages of the Florissant lake 
beds and of the volcanics of the Cripple Creek district as reference 
markers are more than questionable. The lower Overland Mountain 
peneplain is dated as pre-lower Miocene because the Florissant beds, 
probably Oligocene or lower Miocene, are thought to lie in a broad 
valley developed below that peneplain. That these are the true rela- 
tions of the Florissant beds is exceedingly doubtful. One side, at least, 
of the trough in which they lie rises abruptly 300 to 500 feet above 
the present surface of the lake sediments, suggesting the possibility of 
a fault contact. These steep walls of the Florissant basin give the 
appearance of having been truncated by the present erosion surfaces 
of the region. The crystalline floor of the basin, to which the bedding 
of the lake sediments seems to be essentially parallel, is nearly 800 feet 
lower at the north than at the south end,’ indicating post-lake tilting 
of that amount. Such tilting is not consistent with the authors’ 
thesis, nor is it shown by the erosion surfaces adjoining the lake de- 
posits. As a matter of fact, the erosion surfaces are not of the pene- 
plain type, but, rather, are of the pediment type, with long, smooth 
slopes rising as much as 1200 feet upward from the basins. 

These relations suggest that the Florissant beds are remnants, down- 
warped or down-faulted, and thus preserved below the grade surfaces 
(whether pediment or peneplain) which were developed across them 
and the bordering rocks alike, at a time which may have been much 
later than the deposition of the lake beds. 

For the Cripple Creek volcanics, also, the field evidence indicates 
not that the lavas were poured out on the already-formed peneplains, 
but, rather, that the lavas were deposited on an old-age or stripped 
surface of the crystallines; that they and the surface on which they 
lie were faulted and warped; and that, subsequently, the present 
erosion surfaces were developed across both lavas and crystallines. 
These relations are well shown in the region of Alnwick and High Park 
on the Pikes Peak folio. 

The Alnwick basin, developed on weak basic breccias, is bordered on 
the west by an abrupt wall of granite, rising to the level of the domi- 
nant erosion surface of the region. The stream leaves the basin through 
a narrow gorge in granite, totally out of harmony with the open basin 


% Junius Henderson: The Tertiary lake basin of Florissant, Colorado, Univ. Colo. Stud., 
vol. 3 (1906) p. 145-156. 
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above. These relations suggest strongly that an area of weak basic 
breccias has been down-faulted or down-warped below the level of 
the erosion surface bordering the basin (a peneplain or pediment of 
later development) and thus preserved until, in the present cycle, it 
has been etched out to form the Alnwick basin. 

In the High Park area, a few miles farther south, the pre-voleanic 
crystalline surface slopes steeply westward at about 550 feet per mile, 
from about two miles west of Cripple Creek to and beneath the 
volcanics of High Park, which themselves share this westward dip. 
The western border of at least the northwestern side of the High Park 
basin is an abrupt wall of granite, rising 400 to 500 feet above the basin 
to the level of the general erosion surface of the region. 

There is strong physiographic evidence that the volcanics and asso- 
ciated sediments of the High Park area are remnants of a down-faulted 
or down-warped block, etched out in the present cycle, because they 
were below the base level of erosion when the old-age surfaces were 
formed which now truncate the margins of the basin at about 8500 feet. 

If the volcanics and the Florissant beds are Miocene, these relations 
all indicate a later age for the erosion surfaces bordering them. - 

On the basis of the above analysis, the writer believes that Van Tuy] 
and Lovering’s theory of the higher peneplains was established on 
unsound physiographic premises. Forms produced by peneplanation, 
by stripping of older erosion surfaces, and by pedimentation have 
been indiscriminately lumped together and correlated on the basis of 
present elevations, and the evidence used in establishing the early dates 
of the erosion surfaces is, in all instances, open to other interpretations, 
and in some has been definitely misinterpreted. 


Reply by F. M. Van Tuyt and T. S. Loverine 


Rich’s discussion of our paper brings out sharply the difference in 
two physiographic schools of thought; Rich assumes that a high region 
is young until proven otherwise, but the writers would assume it to 
be old until proven otherwise. The country above a slowly receding 
falls or rapids may be held in status quo long after a regional uplift, 
and a second uplift may send a second falls in pursuit of the first 
before it has retreated far from its original position. Until after the 
falls have passed a given point the old valley bottom determines the 
level to which the tributaries can cut, and valley widening will con- 
tinue as before. The reduction of the interstream areas is infinitely 
slower than the retreat of fall lines, and divides farthest removed 
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from the original fall line would commonly be the last to suffer attack. 

As others may share some of Rich’s misapprehensions regarding our 
paper, it seems necessary to repeat here certain facts that have already 
been stated. During the early Eocene Laramide revolution, the uplift 
of the Front Range culminated in strong orogeny, characterized by 
volcanic activity, thrust faults, shear faults, normal faults, and sharp 
folding of the Paleozoic and Mesozoic beds. On the western side, 
unstable basins received sediment from the Range, and readjustments 
along old lines of weakness periodically occurred throughout Tertiary 
time. In these areas to the west and in the Cripple Creek-High Park 
region to the south, local volcanic eruption, upwarping, and faulting 
occurred during Oligocene and later times. These early lavas rest on 
the high erosion surfaces within the Range but occur at much lower 
elevations within the bordering basin. We must emphasize the fact 
that the five partial peneplains described show a north-south accord- 
ance of level outside these areas of deformation, and that the accord 
is most striking near the eastern mountain front. Along the eastern 
front the Oligocene and Miocene sediments (as at Mesa Mountain) pass 
undisturbed over a Laramide fold and fault. 

It was pointed out that the erosion surfaces slope away from the 
highest points of the Range and tend to converge in the bordering 
plains. A remarkable agreement in altitude parallel to the axis of the 
Range must necessarily give place to a slope or change in altitude 
transverse to this axis, but, judging from his third paragraph, this fact 
has apparently escaped Rich. The difficulty of everywhere explaining 
the persistent steplike relation of the surfaces by assuming faulting 
or warping was pointed out and need not be detailed again. 

It is a commonplace to physiographers that lines and areas of weak- 
ness reduce more rapidly than resistant rock. Drainage in the Front 
Range follows fractures, where they are available, and valleys widen 
in areas of soft, altered rock. Where the pre-Cambrian rocks are little 
fractured, unaltered, and not unusually coarse-grained, there is little 
difference in the resistance of granite and of metamorphic rocks to 
erosion. As pointed out in our paper, no better example of differential 
erosion can be found than where the resistant pre-Cambrian rocks 
tower above the soft, flanking, sedimentary rock. It seems evident 
that areas of weak rock will respond quickly to rejuvenation, rapidly 
sinking to the new temporary base level when the fall line has reached 
them. 

There is not place here to detail the complicated history of Green 
Ridge. The Laramie River in this region lies in a belt where pre- 
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Pleistocene channel-cutting and channel-filling were in a delicate state 
of balance for a long period of time. The Tertiary sediments and the 
earlier channel floors on which they rest are well shown along the 
northwest side of Green Ridge. Extensive glaciation and the resultant 
drainage changes, the rapid sinking of the Laramie River channel in 
the strongly fractured zone which it follows, and the youthful char- 
acter of the valleys bordering Green Ridge are the result of Pleistocene 
rejuvenation. The implication that we believe the steep tributary, 
hanging valleys persisted since Eocene time or were ignorant of their 
existence is a serious misinterpretation of our paper. 

There is no thought that a bare rock surface persisted through Ter- 
tiary time at its original elevation. However, we do believe that an 
elevated surface protected by soil and vegetation will lose elevation 
very slowly. In addition to this process, we recognize the fact that, 
at many places, waste from receding high lands has been spread periodi- 
cally on lower surfaces, to be removed still later and reéxpose the older 
surface. It is difficult to understand why Rich emphasizes this latter 
process as though its reality must prove that the erosion surfaces 
uncovered must either be extremely young or extremely old. The as- 
sumption of progressive uplift in no way conflicts with the assumption 
of a sedimentary cover. We believe, however, that the periodic accu- 
mulation of waste and its removal is due as much to climatic variations 
as to uplift. 

In Rich’s discussion of the Pikes Peak quadrangle, he has failed 
to note that we have carefully avoided correlations in areas where 
evidence of exhumation of the pre-Ordovician surface (there is no 
Silurian known in Colorado) appears, although we have pointed out 
the possibility of such exhumation. It is apparent to one familiar 
with the geology that the possibility of exhumation of pre-Tertiary 
surfaces is slight throughout the greater part of the Front Range. 

The reality of pedimentation in the northern Front Range cannot 
be doubted, and, if any surface is due to this process, it should be the 
Sherman peneplain. This extensive surface shows a remarkably even 
elevation at the edge of the crystallines for a long distance. If Rich’s 
argument that sedimentation does not give rise to such an accordance 
is true, we are reluctantly forced to adopt the view that widespread 
peneplanation occurred, followed by inconsequential pedimentation 
at a later date. It may be that the original erosion surfaces in the 
Pike’s Peak area have been thus modified and that the present lack 
of pediments on the surface reflects the relative importance of the 
process. The erosion of the resistant pre-Cambrian rock south of 
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Colorado Springs, clearly due to Pleistocene pedimentation, is instruc- 
tively shown in Plates 101 and 108. 

The assumption of grabenlike fault blocks to explain the existence 
of the Florissant and Alnwick lake beds seems a wishful appeal to 
an improbable possibility. It should be pointed out that the Florissant 
and the Alnwick lake beds both occur in old valleys whose walls are 
locally exposed and that the lake beds extend up tributary valleys 
for some distance from the main channel. Connecting grabens of this 
pattern seem unlikely. There is little doubt, however, that a late 
north-south fault, with a throw of about five hundred feet, borders 
the High Park lake beds on the east and has displaced the early ero- 
sion surfaces. 

Although recognizing a post-Oligocene upwarp in the Florissant 
region (p. 1331), we believe that the differences in elevation of the 
Florissant formation are due in large part to the original grade of the 
valleys in which the ash fell. After the deposition of the Florissant 
lake bed, narrow channels were cut in it, that were filled with rhyolite. 
Remnants of this lava may be traced south of the lake beds and on 
to the bordering erosion surfaces. The age of the rhyolite is uncer- 
tain, but no late rhyolites are known in the southern Front Range or 
in South Park. The statement that present surfaces were developed 
across both the lavas and the crystallines in the High Park-Cripple 
Creek region must be, in part, true. This region is characterized by late 
Tertiary faulting, and the lavas are largely pre-Miocene. Weathering 
and erosion would reduce the lavas during late Tertiary and Pleisto- 
cene times until much of the original contrast was lost; in many places 
the early and late surfaces merged. 

Rich does not believe that early Tertiary peneplains exist in the 
Front Range or that a series of uplifts could occur, each followed by 
incomplete peneplanation, in the crystalline rock while extensive rem- 
nants of the older surfaces still existed. He makes no attempt to throw 
out the evidence of three interrupted cycles in the walls of Clear Creek 
and the other eastward-flowing streams. If such uplifts occurred in 
the late history of the region it seems very probable that similar ones 
occurred earlier. If berms exist along the modern valleys, where can 
we draw the line between them and broader benchlike erosion surfaces 
at higher levels? 

Although readily admitting that our correlations may be found 
incorrect locally, we believe that physiographers will find that our 
regional interpretations are essentially correct. 
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Studies in Appalachian Mountain sculpture. By George H. Ashley 


(pages 1395-1436) 


Comment by Grorcr Hatcotr Caapwick 


This is not a discussion of Ashley’s forceful and illuminating paper 
in its main thesis, but merely a comment on certain side issues as they 
concern my home area, the Catskills. On looking at his contours for 
this marginal northeastern bit of his map (p. 1400), one will note 
that he has changed (above 2000 feet) from 100-foot to 500-foot inter- 
vals. To insert the 100-foot contours over the Catskill Mountains, 
fundamentally alters the optical and mental effect of his map at this 
point; in fact, makes it impossible to think of such an hypothetical 
surface there as a warped peneplain. Not only are the assumed tilts, 
with abrupt changes, excessive, but the flat-lying strata of the Cats- 
kills gainsay any conception of their being so domed since peneplana- 
tion. 

The conspicuous peneplain in this region is the one at 2000 feet 
(roughly) that laps around these mountains on three sides, the fourth 
side swept away by cutting of the Middle Hudson Valley. This pene- 
plain, essentially undeformed and bevelling all strata, is a striking 
feature on the north, as the Helderberg-Schoharie plateau, out of 
which the Catskill ranges rise abruptly as monadnocks, and into which 
the streams have cut deep and youthful valleys. Nor does this plain 
terminate where the mountains begin, but sends sub-mature valley 
extensions clear through the eastern Catskills and far into the western 
ones, though, because the main highways follow the later entrench- 
ments, few visitors notice these plateau remnants on which is so much 
of the best farm land, on back roads. 

The rejuvenated streams drain eventually to the Hudson and, above 
Devasego Falls (a nick point), are still not fully graded to the Hudson 
Valley peneplain (“Albany” of Ruedemann) at 300 to 400 feet above 
tide around Catskill, and into which the Hudson itself is, in turn, in- 
trenched in its “inner gorge” of Woodworth. 

There may be, nevertheless, a mountain summit peneplain. Long 
ago, before peneplains were invented, Arnold Henry Guyot noted that 
the three highest peaks of the Catskills lie in line northeast-southwest, 
one on each of the three ranges, and that these ranges decline 
slowly and at equal rate to the northwest, and equally, but three times 
as fast, to the southeast. The rates are 100 feet per mile (one degree) 
southeast and 33 feet per mile northwest. 
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The accompanying cross-section diagram shows that these roof-like 
slopes are not deformational. If one can look upon this suggested 
erosional surface, or even only its northwest portion, as an approxima- 
tion to old age, then there are plainly four erosional chapters (partial 
cycles) to reckon with in the Catskill region: (a) the mountain sum- 


THA 
MecRecon 
ren 


'Grond Gorge 


Ficure 3—Profile of central range of Catskill Mountains 


As projected on a northwest-southeast line joining the terminal peaks, Utsayantha and 
Overlook (exaggerated five times vertically). Sea level at bottom. Guyot’s summit plane at 
top. Synclinal structure shown by Stony Clove and Kaaterskill sandstone members. Gradient 
of Schoharie Kill (creek) on far side of range in dashed line, and profile of the 2000-foot 
remnants in this valley, in dotted line continuous with the open plateau to left. Part of the 
Hudson Valley peneplain, at right, beheading and robbing the Schoharie Kill. 


mit “trace”; (b) the 2000-foot cireumambient plateau, reaching also 
far into the mountains; (c) the Hudson Valley (Albany) peneplain, 
20 miles wide; and (d) intrenchment of the Hudson and its tributaries 
in miniature Appalachian fashion, etching out the shales between the 
miniaturely mountain-folded limestones, a cycle now checked by 
drowning back, due to uncompensated glacial subsidence plus eustatic 
rise of the sea. 

No local causes explain these four episodes. The upper two are too 
widespread. The lower peneplain has fragments clear through the 
pass of the Highlands. Only by four successive uplifts of the region, 
and surely not limited thereto, can one account for them. 

Now here is a puzzle for students. Does one gather that in progres- 
sive Pennsylvania the (post-peneplain) uplift movement ‘went across 
big” in one grand spasm, all else since being degradation of this noble 
State, whereas in staid New England the same movement gained mo- 
mentum but slowly, hesitatingly, producing the multiple levels of 
Meyerhoff and Hubbell; yet, in the narrow bit that intervenes between 
these, one has New York behaving as neither, but striking a judicious 
middle course, nor revolutionary nor recalcitrant in its response to 
the forces of uplift but rising four times to the occasion in whole- 
hearted unmistakable fashion? 

Consideration of the rate and rhythm of uplift that isostasy and other 
limiting physical factors will permit may help to harmonize these 
divergent evidences. Meantime, the Catskills throw another ray of 
light on the lowering of divides, for glacial striae of early Wisconsin 


y 
3 H 
3 
Sn Ee fe 3 = 
= 
al 
4 
i 


STUDIES IN APPALACHIAN MOUNTAIN SCULPTURE 2057 


time are perfectly preserved on the extreme tip of their highest peak, 
as verified by Leverett and Antevs, thus showing no lowering at this 
point in perhaps half a million years. 
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Reply by G. H. AsHLey 


In reply to Chadwick’s suggestions: first, be it noted that the con- 
tours shown in Figure 1 do not show the position or elevation of a 
peneplane, but of “surfaces just touching the tops of the hills and 
mountains.” It is such a surface that climbs over the Catskills. In 
general, it is my thesis that these surfaces have descended from a pene- 
plane that if restored would override all of them. 

As to the suggested evidence of four peneplanes, evidence of four 
stages of uplift in the Catskill region, I have no personal acquaintance 
in that region; but Chadwick’s figure suggests the desirability of 
studying the relation of rock formation to surface elevation. For 
example, his figure suggests that the breakdown of the surface north- 
west of Utsayantha Mountain is closely connected with the removal 
of formation “S. C.” I wonder if a similar correspondence might not 
be found throughout the region and possibly explain the appearance 
of successively higher peneplanes. , 


Concretions in the Champlain formation of the Connecticut River Valley. 
By W. A. Tarr 
(pages 1493-1534) 


Comment by Ricuarp Foster 


The writer questions the propriety of the application of the name 
Champlain formation to any deposits in the Connecticut Valley, and 
particularly to the varved clay described by Tarr, on the ground that 
the name has been used in several different ways by various authors, 


| 
| 


2058 DISCUSSIONS 


that it has been abandoned by the United States Geological Survey, 
and that it has not lately been applied, so far as the writer is aware, 
to any but marine deposits. 

In 1861, Hitchcock * applied the name Champlain clays to deposits 
in Vermont containing marine fossils, to higher non-fossiliferous de- 
posits, and to deposits extending along the Atlantic coast from the St. 
Lawrence to the south Atlantic States. He considered the entire group 
to be marine. Clearly, several distinct units were included. 

In 1873, Dana? stated that “the term Champlain era . . . includes 
all the time from near the beginning of the melting of the glacier, 
down to that in which these old alluvial or Champlain deposits be- 
came terraced in consequence of a general rising of the land... .” 
In 1875, he * used the name Champlain or Fluvial period for the time 
of the marine submergence of the St. Lawrence-Champlain Valley, and 
included in it the deposition of most of the low-level stratified drift in 
the valleys of southern New England. Later he‘ expanded the 
Champlain period to include the deposition of the greater part of the 
Pleistocene stratified material throughout North America. Emerson ° 
used the term Champlain clays for the varved clay in the Connecticut 
Valley in Massachusetts, and followed Dana in ascribing all the strati- 
fied drift to the Champlain period. 

Chamberlin and Salisbury® ascribed to the Champlain sub-stage 
the Nipissing-Great Lakes, marine deposits in the St. Lawrence-Lake 
Champlain depression, and the clays of the Hudson and Connecticut 
valleys. They implied, but did not state clearly, that the latter are 
marine. 

More conservatively, Upham’ applied the term Champlain sub- 
mergence to the late-glacial or post-glacial submergence recorded by 
marine-fossiliferous deposits along the coast of New England and the 
Maritime Provinces, and in the St. Lawrence-Lake Champlain depres- 
sion. More recently, the term Champlain sea has been used in a 


1C. H. Hitchcock: Report on the geology of Vermont. Claremont, N. H. (1861) p. 156. 

2J. D. Dana: On the glacial and Champlain eras in New England, Am. Jour. Sci., vol. 5 
(1873) p. 210. 

%J. D. Dana: On southern New England during the melting of the great glacier, Am. Jour. 
Sci., vol. 10 (1875) p. 168. 

*J. D. Dana: Manual of geology. 3rd ed., New York (1880) p. 543-558. 

5B. K. Emerson: Geology of Old Hampshire County, Massachusetts, U. S. Geol. Surv., 
Mon. 29 (1898) p. 697. 

*T. C. Chamberlin and R. D. Salisbury: Geology, vol. 3, 1st ed. (1906) p. 403-405. 

7 Warren Upham: The Champlain submergence, [abstract] Geol. Soc. Am., Bull., vol. 3 
(1892) p. 508. 
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similar way by Goldthwait,? who made clear the lacustrine character 
of the varved clay in the upper Connecticut Valley. 

The definition of the term Champlain clays was so confused that 
Woodworth ® in 1905 proposed its discontinuance. Actually, it has 
been discontinued by the United States Geological Survey. Whereas 
the term Champlain has continued in use, it appears to have been con- 
fined, since that time, to marine deposits. In view of these facts, it 
is unfortunate that the term should be applied in 1935 to deposits which 
are not marine and which are not even in the same drainage basin 
as the late-glacial marine features. 

In the paper under discussion, Tarr states further that the Champlain 
“formation” extends from St. Johnsbury, Vermont, to New Haven, 
Connecticut. In 1933 the writer *° stated that there are at least three 
bodies of varved clay in the central lowland of Connecticut, named 
each body, and showed that they are not all of the same date relative 
to the last ice invasion of the district. Hence, they cannot appropriately 
be included in a single formation. 


Reply by W. A. TARR 


In view of Flint’s statement in regard to the usage of “Champlain 
formation,” I think, with him, that it is regrettable that I should have 
applied the name to the varved deposits containing the concretions I 
was describing. Primarily interested in the concretions, I gave in- 
sufficient thought to the age of the deposit, and only used the name 
Champlain “formation” instead of Champlain “clays” to avoid apply- 
ing “clay” to a deposit consisting of silt and clays. The term “Cham- 
plain clays” has long been a common name for these deposits and, 
moreover, is so used by Chamberlin and Salisbury on the same page 
quoted by Flint. I have no wish, however, to persist in the use of an 
abandoned formation name (we have a superabundance of names any- 
way), and could have used the title “Concretions in the Varved De- 
posits of the Connecticut River Valley,” just as readily as the other, 
only that, as most of the collections of these concretions in museums 
far and wide are labeled with the name “Champlain,” I felt that identi- 
fication of the concretions described would be made easier by including 
the old name. 


8J. W. Goldthwait: The geology of New Hampshire, N. H. Acad. Sci., Handbook no. 1, 
Concord (1925) p. 42-44, 47, 69 and Pl. 2. 

®J. B. Woodworth: Ancient water levels of the Champlain and Hudson valleys, N. Y. State 
Mus., Bull. 84 (1905) p. 218-220. 

1R. F. Flint: Late-Pleistocene sequence in the Connecticut Valley, Geol. Soc. Am., Bull., 
vol. 44 (1933) p. 968-970. 


e, 
t. 
28 
r, 
; 
” 


2060 DISCUSSIONS 


Pre-Cambrian and Cambrian relations in the upper Mississippi Valley. 
By G. I. Atwater and G. M. Clement 
(pages 1659-1686) 


Comment by Grorcr M. Scuwartz 


Atwater and Clement raise certain points which require comment 
lest they be accepted although present evidence is far from conclusive. 
The questions raised are concerned mainly with Minnesota problems, 
especially where Cambrian and pre-Cambrian rocks are deeply buried. 


1. Use of the term Hinckley. 


The authors state that Stauffer re-introduced the term in 1925, for 
sandstone below the Dresbach (Eau Claire). The term has been in 
continuous use since Winchell’s time, and the formation is recognized 
not only by its lithologic character but also by the quality of its water. 
Detailed work on the subsurface geology of the Twin Cities artesian 
basin shows that the sandstone is continuous beneath the basin and 
averages 220 feet in thickness. It has never been correlated with the 
Mt. Simon or the lower Dresbach on the basis of actual work. 

Stauffer’s assignment of the Red Clastics and the Hinckley to the 
Cambrian has been referred to repeatedly. Work in the Twin Cities 
region indicates that the beds called Hinckley and Red Clastics in the 
Waconia well are Dresbach and that the well did not reach the Hinck- 
ley. The original mistake was due to the assumption that the Hinckley 
was rising gradually and thinning rapidly to the west, and to attach- 
ing too much importance to color, coupled with the obscure relations 
of the fauna. 


2. Correlation of sandstone in deep wells of southeastern Minnesota, 
particularly in Minneapolis-St. Paul region, with the Hinckley or 
with the Mt. Simon. 


The Mt. Simon sandstone of Wisconsin is definitely a part of the 
Dresbach as the term was used by Winchell, and these lower beds of 
the Dresbach along the upper St. Croix River have been mapped as 
such on the geological map of Minnesota issued in 1932. Atwater and 
Clement assume that these beds cropping out along the St. Croix Val- 
ley in Chisago and Pine counties are identical with the beds called 
Hinckley in the region about Minneapolis and St. Paul. In fact, the 
discussion on page 1667 is based on this assumption. There is no con- 
clusive evidence whatever on this point, and much to the contrary, as 
those familiar with the region will testify. 
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The Hinckley sandstone crops out intermittently over an area, 70 
miles long, and then dips under Cambrian beds toward the Twin City 
basin. East of the Twin Cities, in Wisconsin, a sandstone crops out 
and is called Mt. Simon by the Wisconsin Geological Survey. The 
problem is whether the sandstone found in wells below the Twin Cities 
is equivalent to the Mt. Simon or the Hinckley, or both. Minnesota 
geologists, noting the persistence of the Hinckley sandstone for 70 
miles, logically expect it to continue for 40 miles more, but Atwater 
and Clement throw out this evidence and suggest that the sandstone, 
which persists with little change for 70 miles, suddenly changes to red 
sandy shale in the next 40 miles. The fact that the Pine County-Twin 
Cities area during deposition of the Hinckley, and also during later 
sedimentation, was a decided structural basin argues against either 
the thinning out of the beds represented in the Hinckley region or their 
erosion before deposition of the upper Cambrian beds. 

On the other hand, Atwater and Clement distinguish between the 
Hinckley of northeastern Minnesota and the Mt. Simon of the St. 
Croix Valley mainly on the basis of authigenic feldspars and second- 
ary growth of quartz. These are not depositional features valuable in 
correlation but are secondary features that may be very local and, 
in fact, applicable to any or all of the Cambrian and pre-Cambrian 
sandstones of the region. They let a minute secondary feature dis- 
tinguish beds in one direction and ignore a major primary difference 
in the other. In spite of disagreement on evidence, the writer believes 
with Atwater and Clement that the Hinckley and Mt. Simon are of 
different age. 

Atwater and Clement state (p. 1683) that the use of the term 
“Hinckley” for the sandstone that occurs below the Eau Claire mem- 
ber is inaccurate. This implies that there is only one sandstone below 
the Eau Claire, which is an assumption without evidence and can in 
no sense be accepted as a conclusion. It seems a reasonable working 
hypothesis that both Hinckley and Mt. Simon beds are present in the 
Twin Cities area but that lack of outcrops*and suitable well cuttings 
have prevented their separate recognition. It should be remembered, 
in correlating the Mt. Simon of Wisconsin with the deeply covered 
beds in Minnesota, that much of the known Mt. Simon rests directly 
on pre-Cambrian igneous and metamorphic rocks in Wisconsin, whereas 
in southeastern Minnesota the beds which have been correlated by 
some as Mt. Simon are underlain by as much as 200 feet of sediments 
of the Red Clastics series. At Taylors Falls, south of the Dresbach 
(Mt. Simon) beds of the upper St. Croix Valley, neither the Hinckley 
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nor the Mt. Simon is present, but the Dresbach (Eau Claire) shales 
and conglomerates lie directly on Keweenawan flows. 


3. Thickness of the Hinckley. 


The estimate of the thickness of the Hinckley as 5000 feet is based 
on incomplete data. There is little basis for computing an average 
dip of the formation. Many exposures are flat-lying, in contrast to 
the well-defined dip along the Kettle River, and no exposure any- 
where is over 150 feet vertically. A well record at Pine City indicates 
that the Hinckley as used by Winchell, is relatively thin, and suggests 
that the formation entered at a depth of 260 feet was the Red Clastics 
series. 

The lower Hinckley of Atwater and Clement is composed of sedi- 
ments that Winchell correlated with the Red Clastics rather than 
with the Hinckley, although he did not use the term Red Clastics. In 
fact, red shales typical of the Red Clastics crop out half a mile above 
the exposures described at Mora. There is no doubt whatever, as far 
as Minnesota geologists are concerned, that the estimate of 5000 feet 
includes the Red Clastic series, and there is no justification in previous 
usage for this expansion in definition of the term Hinckley. Even 
including the Red Clasties, the estimate of 5000 feet is open to serious 
doubt. 


4. Age and Correlation of the Hinckley with the Wisconsin sandstones 
of the Superior basin. 


In the correlation of the Hinckley with the sandstones of northern 
Wisconsin, the interpretation appears reasonable, but many facts well 
known to Minnesota geologists are not taken into account. South- 
west of Duluth, Grout’? has shown that sandstones and conglomerate 
strike directly under flows which are exposed beneath the Duluth gabbro 
and directly overlying Huronian slates. To the northeast, near Grand 
Portage, the Huronian slates are overlain by about 200 feet of Keweena- 
wan sandstone, with a conglomerate (Puckwunge) at the base and 
white sandstone above. The sandstone is, in turn, overlain by the 
lowest flow of the Keweenawan series.” In view of these facts, the 
suggested correlations of the Hinckley with the Wisconsin sandstones 
of the Lake Superior district should not be accepted without qualifica- 
tion. There certainly is sandstone in Minnesota which is lower 
Keweenawan in age, and Thwaites has shown that the sandstones in 


1F. F. Grout: Unpublished Thesis, Yale University. 
G. M. Schwartz: A guidebook to Mi: ta Trunk Highway No. 1 (1925) p. 61 and 65. 
2F. F. Grout and G. M. Schwartz: The geology of the Rove formation and associated intru- 
sives of northeastern Mi ta, Minn. Geol. Surv., Bull. 24 (1933). 
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Wisconsin are upper Keweenawan. It is possible that there are two 
sandstones in the area between Duluth and Sandstone, Minnesota. 


5. Previous work in Minnesota. 

It is necessary to point out that a great deal of previous work has 
been done in the Minnesota region mapped and. discussed by Atwater 
and Clement, but most of this they have ignored. The outcrops of the 
Hinckley described have been previously mapped and described by 
Hall, by Grout, and by Harder and Johnston.* 

In conclusion it may be said that some of the suggestions in the 
paper may be accepted as working hypotheses; but correlation, mainly 
by well logs, from Minneapolis and St. Paul to Mt. Simon to the east 
and Hinckley to the north remains to be done. It is not to be done by 
reconnaissance but by detailed work by the State geological surveys, 
extending over as long a period as necessary and by taking into ac- 
count all the facts. 


Reply by G. I. ArwaTER* 


The major purpose of the Atwater and Clement paper, as indicated 
by the title, was to present evidence for the existence of a large struc- 
tural and erosional unconformity between the youngest Keweenawan 
sandstones and the oldest Cambrian sediments in the region south and 
southwest of Lake Superior. In the past there has been a strong 
tendency among geologists to believe that the Keweenawan is con- 
formably overlain by the Upper Cambrian St. Croixan, and that at 
least the upper part of the Keweenawan was deposited contemporane- 
ously with the marine Lower and Middle Cambrian.* This view has 
in general been held by the Minnesota geologists, as presented by 
Stauffer ° in 1927 and Peterson * in 1929. The State geological map’ 


* Because it was not possible to confer with Dr. Clement, the writer assumes re >onsibility for 
this discussion of their joint paper. 


3C. W. Hall: Keweenawan area of eastern Minnesota, Geol. Soc. Am., Bull., vol. 12 (1901) 
p. 313-342. 

F. F. Grout: Contribution to the petrography of the Keweenawan, Jour. Geol., vol. 18 
(1910) p. 633-657. 

E. C. Harder and A. W. Johnston: Preliminary report on the geology of east central 
Minnesota, including the Cuyuna iron-ore district, Minn. Geol. Surv., Bull. 15 (1918). 

4R. T. Chamberlin: Certain aspects of geologic classifications and correlations, Science, n. s., 
vol. 81 (1985) p. 187-188. 

5C. R. Stauffer: Age of the Red Clastic series of Minnesota, Geol. Soc. Am., Bull., vol. 38 
(1927) p. 475. 

®Euice Peterson: Dresbach formation of Minnesota, Buffalo Soc. Nat. Sci., Bull., vol. 14 
no. 2 (1929) p. 10. 

7 Prepared by F. F. Grout, C. R. Stauffer, I. S. Allison, J. W. Gruner, G. M. Schwartz, G. A. 
Thiel, and W. H. Emmons (1932). 
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of Minnesota lists the Red Clastics as questionably Cambrian, and in- 
cludes them in the Paleozoic bracket. 

The evidence presented for the existence of a major time break be- 
tween the late Keweenawan and the Upper Cambrian has recently been 
recognized by Leith, Lund, and Leith® in the United States Geological 
Survey report on the Lake Superior region. 

In the paper under discussion, evidence was presented for the upper 
Keweenawan age of the sandstone occupying the area southwest of 
Duluth. This sandstone, the Hinckley of outcrop, was considered 
much older than the Mt. Simon, which comprises the base of the 
St. Croixan series. This distinction was made on the basis of struc- 
tural and stratigraphic relations of the Hinckley with the Wisconsin 
middle and upper Keweenawan and with the St. Croixan, as presented 
at length in the paper. The characters of the light minerals of the 
Hinckley and the Mt. Simon were not the main basis of distinction. 
In fact, it was only after the relations of the Hinckley and related 
Keweenawan of Wisconsin with the Mt. Simon of Wisconsin and Min- 
nesota outcrops were known, that any petrographic work was done 
on the light and heavy minerals. For a time it was the authors’ 
purpose to omit this evidence, and to present it as a separate paper 
on the application of light- and heavy-mineral study to stratigraphic 
problems; in this case, applied to a situation where the stratigraphic 
relations were already known. 

The Hinckley of Minnesota and the upper Keweenawan of Wisconsin 
participated in the diastrophism that accompanied and followed the 
Keweenawan deposition, forming the Lake Superior geosynclinal basin, 
with the Douglas fault and its extension into Minnesota, along which 
the middle Keweenawan lavas have been thrust over the upper Kewee- 
nawan sandstone, as a part of that diastrophism. The Mt. Simon of 
Wisconsin, as described in the paper, was deposited at a much later 
time, on the eroded surface developed following the formation of the 
Lake Superior geosyncline. Schwartz agrees that the Hinckley of 
outcrop (Keweenawan) and the Mt. Simon are of different ages. He 
points out that some of the sandstone in the vicinity of Duluth is* 
overlain by the middle Kew:enawan flows. It was the knowledge 
of this fact that led the authors to change the geological map so as to 
include, west of Duluth, a narrow wedge of these sandstones in the 
lower-middle Keweenawan. Acknowledgements are given on figure 1 
(p. 1663) to the sources used in its preparation. The reference to 


®C. K. Leith, Richard J. Lund, and Andrew Leith: Pre-Cambrian rocks of the Lake Superior 
region, U. 8. Geol. Surv., Prof. Pap. 184 (1935) insert p. 12. 
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the occurrence of lower Keweenawan sandstone at Grand Portage has 
no significance to this problem, as this locality, near Pigeon Point 
on the north shore of Lake Superior almost at the Canadian border, 
is far out of the area under discussion. The senior author was familiar 
with many sections of lower-middle Keweenawan in the Gogebic dis- 
trict in Wisconsin much closer to Duluth than Grand Portage, in 
which sandstones are present, and these were distinguished from the 
upper Keweenawan sandstones and mapped some years ago by the 
United States Geological Survey and the Wisconsin Geological Survey. 

The important thing to recognize, however, is that the suggestion by 
Schwartz, that lower-middle Keweenawan sandstones might possibly 
be present in the Hinckley outcrop area, in no manner invalidates 
the major conclusion of the paper, which is that the Hinckley sand- 
stone of outcrop and the upper Keweenawan of Wisconsin are much 
older than the Mt. Simon. The sequence of geologic events, given on 
pages 1681-1682, would, therefore, stand as given, except that Schwartz 
believes it possible that Event One should be extended back to include 
the deposition of the lower and the middle Keweenawan, because part 
of the sandstone in the vicinity of Duluth might be lower Keweenawan. 

There appears to be, therefore, agreement that the Mt. Simon is 
much younger than the Wisconsin Keweenawan and the Minnesota 
Hinckley of outcrop. The main point of disagreement, which does not 
affect the major conclusion of the paper, may be summarized as 
follows: the Minnesota geologists believe that the Keweenawan Hinck- 
ley of outcrop in northeastern Minnesota continues south into the 
southeast portion of the State, where it constitutes part or all of the 
220-foot sandstone that lies between the Eau Claire and the Red 
Clastics; Atwater and Clement believe that the Mt. Simon of Wis- 
consin may be traced directly into the beds, called Hinckley by 
Schwartz, that occur in wells in the southeastern area, and that, there- 
fore, these beds cannot be correlated with the Hinckley of outcrop. 
Some of the evidence for this was presented by Trowbridge and 
Atwater.® The correlation was made and the term, Mt. Simon, used 
for these beds, by the Minnesota geologists, Harder and Johnston,’° 
in their report on the geology of east central Minnesota. The term, 
Hinckley, was used for the Hinckley beds of outcrop in northeastern 
Minnesota. 


®A. C. Trowbridge and G. I. Atwater: Stratigraphic problems in the upper Mississippi Valley, 
Geol. Soc. Am., Bull., vol. 45 (1934) p. 31-38. 

10. C. Harder and A. W. Johnston: Preliminary report on the geology of east central Minne- 
sota including the Cuyuna iron-ore district, Minnesota Geol. Surv., Bull., no. 15 (1918) p. 5-6, 29. 
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As pointed out on page 1684, it is probably true that the Hinckley 
sandstone of northeastern Minnesota is represented in the deep wells 
of the southeastern part of the State by the Red Clastic series, but it 
is impossible in the light of present knowledge to correlate definitely 
from the region of subsurface occurrence to the Hinckley outcrop area. 
In regard to the beds above the Red Clastics, until it can be thoroughly 
established that the Mt. Simon of Wisconsin is not present in the 
southeastern Minnesota area, in spite of its apparent continuity from 
Wisconsin to Minnesota below the Eau Claire horizon, it appears 
safer to consider the base of the St. Croixan sandstones as occurring 
at the base of the 220-foot sandstone now designated “Hinckley” by 
the Minnesota geologists. 


Mongolian magmas. By George W. Bain 


(pages 1745-1814) 


Comment by Frank E. Grout 


Bain has made a number of corrections in his analyses, but the 
data are still subject to serious question. His petrologic study depends 
largely on analyses which should be made with reasonable care if 
conclusions are to be based on them. This matter has been discussed 
by H. S. Washington. After classifying thousands of analyses he 
reports his standards as follows:* 


Bat co (a) Agree ith the mod 
: a ment wi e mode 
Internal evidence { (b) Summation 


(c) Analyst 
Externalevidence 4 (d) Methods of analysis 
(e) Indirect evidence 


If . . . the analysis of a rock is satisfactorily complete, there is no excuse . 
for a summation that does not fall within the somewhat liberal limits here 
assigned [99.50 to 100.75]. The bad summations in such a series of analyses 
indicate serious errors in the whole series and lead one to reject those analyses 
of the series whose summations are apparently acceptable, for one is justified 
in assuming that the good summations result from the chance balancing of errors 
. The use of three decimals is unjustifiable, for it implies a greater degree of 
accuracy than can be reached in practice, and my experience shows that most 
of a analyses thus stated clearly afford other internal evidence of unsatisfactory 
work... 


1H. 8. Washington: Chemical lyses of ig rocks, U. 3. Geol. Surv., Prof. Pap. 99 
(1917) p. 18-26. 
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To express the degree of accuracy the letters A, B, C, D are used, and to 
express the degree of completeness the figures 1, 2, 3, 4. These are used in 
combinations. . . . B is used . . . when the summation is between 99.50 and 99, 
or between 100.75 ie 101.25. . C is used ... if the sum is between 99 and 
98.50 or between 101.25 and 101.75... . Analyses stated in one or three decimal 
places have been consistently rated 1 degree less as regards accuracy than they 
would have been had they been stated in two decimals. . 

2 will be used when all the main constituents . . have been determined . . . 
including TiO; and P2Os. .. . The minor constituents, ZrO:z, BaO, etc., are not 
determined in analyses rated with this figure. 


First rate Al Excellent 
Secondrate A2 Bil Good Superior 
Third rate A3 B2 Cl Fair 

Fourth rate A4 Poor 

Fifth rate C4 Bi | oa Inferior 


Those of the fourth or fifth rate . . . are of little or no use. 


Hildebrand’s standard for good summation was even more strict, 
between 99.75 and 100.50. 

With Washington’s system of judging, largely on the basis of sum- 
mation, the quality of 12 of Bain’s 45 analyses is reduced to grade 
B and C. With Hildebrand’s limits, 25 of the 45 analyses have poor 
totals. Completeness in all the analyses is grade 2. Add to this the 
other evidences of careless or inaccurate work, and, according to the 
quotation, the whole series is reduced in grade so as to be unsatisfac- 
tory as a basis for calculations or conclusions. 

The paper offers other evidence of the author’s lack of accuracy. 
(Let me be the first to plead guilty of errors.) A statement is made 
(p. 1797) that the curves “represent no individual specimen but the 
average of the series at the approximate composition listed.” This 
is not the case for the curve in Figure 3 for K,0 + Na,O at 70 percent 
silica, nor for the curve in Figure 5 for NazO + K,O at 65 percent 
and 70 percent silica. Bain has drawn some of the curves as averages 
and others in detail, without any consistent system. The statement 
(p. 1797) that “variance of individual specimens from the average, by 
more than one per cent, is found only in the gabbros,” should be modi- 
fied to include at least the porphyrite 487, and the diorite 522. In 
Figure 4 the curves for TiO, and CaO are wrong at 48.71 percent silica; 
the curve for P.O; is drawn above the highest points indicated by actual 
data. Table 14 has a maximum for KO at 74 percent silica in the 
Tertiary and Recent lavas, but no analysis in that series had as much 
as 73 percent silica. The statements (p. 1798-1809) about the curves 
of Figures 11 to 22, are very misleading; “increase throughout” (p. 
1798) ; “continuously lower” (p. 1800); “increase is continuous” (p. 
1800) ; and others, cannot be checked by the curves or data. These 
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are simply scattered examples of errors noted all the way through. 

Perhaps the most serious point noted is his use of the term “magma 
variation,” whereas his data show only the range in a rock series. 
Bowen has called attention to the fact that many rocks are accumula- 
tions of crystals and now have a composition that was never the com- 
position of a liquid magma.” 

Bain undertook and ran through a big piece of work, but the large 
part of the paper devoted to chemical petrology is carelessly done and 
is not a safe basis for his conclusions. 


Reply by G. W. Bain 


Consideration of the reader’s time demands brevity in geologic 
writing and departure from the Aristotelian principle that one should 
indicate what he is about to say, say it, then tell what he has said. 
Brevity curtailed explanation of many items in “Mongolian Magmas,” 
and I am deeply indebted to Grout for pointing out statements which 
to him, and probably to others, appeared contradictory. Even rigor- 
ous condensation of the manuscript left it so long that evidence indi- 
cating a questionable age of specimens 487 and 522 (p. 1765 and 1779) 
and a statement that they could not receive due weight in any inter- 
pretation of rock variation seems to have been lost to a reader as care- 
ful as Grout, before he came to study Table 2 and Figure 4 (p. 1779 
and 1780). 

Grout has called the author’s attention to a number of apparent 
errors in summation of analyses. Some of these are due to transpo- 
sition of numerals, some to transcription of tables during preparation 
of the manuscript, and some few to faulty addition. Some errata 
affecting the summation by 0.01 per cent. are not errors but are listed 
as such; they are due to the method of handling the third decimal 
integers for the minor constituents. The original analysis notes for 
all constituents except the alkalies and phosphorus pentoxide were 
available and were checked for other possible errors in calculation or 
transcription. Only three errors antedate plotting values on the varia- 
tion diagrams, and these are too small to affect the magma comparison 
curves or the conclusions derived from them. These corrections are 
of significance to classification of the analyses in the C.I.P.W. system, 
but are not of sufficient magnitude to influence a comparative study 
such as that followed in work on the igneous rocks of central Mongolia. 


2N. L. Bowen: The evolution of the igneous rocks (1928) p. 92-124, esp. p. 93-94, 117-118. 
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The standard for igneous rock analysis has been set by Washington, 
who was, and whose pronouncements probably will remain for years, 
the authority on the subject. Vast, experience lies back of Washing- 
ton’s opinions as expressed in his great professional paper; * a careful 
analysis of this work shows that even he felt all of his knowledge 
should not be imposed as a burden upon any reader. He deprecates 
quotation of analysis to three decimal places, on the basis that the 
figures are misleading.* But under certain conditions, greater refine- 
ment becomes desirable, as in cases where “the minor constituents 
are the distinctive parts of accessory minerals, which petrographers 
have used frequently in an attempt to distinguish groups of intrusives.” 
The analytical methods used throughout the work were those recom- 
mended by Washington,° with slight variations to meet the exigencies 
of the case for P,O,, MnO, and CO., all three of which seem to have 
caused adverse comment by Grout. Samples five times the recom- 
mended weight were used in each case, and this increased sample size 
renders the third decimal significant. I feel that, if Washington were 
judge of an analysis made with this forethought, he would not follow 
an empirical rule relegating it to a lower class than that where two 
decimal places are quoted. 

I would like to point out to those readers who have not made rock 
analyses that the chief errors enter not so much from the chemical 
as from the physical side, chiefly through adsorption of water vapor. 
It is not unusual for a dried weighing bottle containing a sample of 
rock powder to absorb one or even two milligrams (0.1 to 0.2 per cent 
in @ one-gram sample) of water on a damp day during weighing, and 
thereby increase the summation of an analysis. This error becomes 
cumulative if each oxide, determined gravimetrically, is weighed on a 
similar sort of day. An attempt was made to offset this cumulative 
error by weighing the sample powder directly into a crucible and 
assuming that adsorption by the powder would be equalized by similar 
adsorption in weighing each of the separate oxides. Unfortunately, 
the humidity in the ordinary laboratory in the eastern United States 
does not remain constant, and high humidity on days of weighing 
samples, followed by low on days of weighing precipitates, will in- 
variably give a low summation; the opposite set of conditions will 
give a high summation. This adsorption trouble can be minimized by 
use of large samples, use of a dessicant in the balance case, and by 


3H. S. Washington: Chemical analyses of igneous rocks, U. S. Geol. Surv., Prof. Pap. 99 (1917). 


4 Op. cit., p. 22. 
5H. S. Washington: Manual of the chemical analysis of rocks. 3rd ed. (1919). John Wiley 


and Sons. 
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use of volumetric and colorimetric methods for some constituents 
occurring in small amounts. The reader will note that in “Derived 
composition tables 17 to 22” only the first decimal is considered signi- 
ficant, especially where gravimetric methods were used for analysis, 
and that a variation from series to series was considered significant 
only when it exceeded one per cent, except in the case of P,O,—deter- 
mined with exceptional precautions—and TiO,—determined by meth- 
ods not affected by moisture adsorption. This should show that, 
although I believe the chemical composition of a rock forms a more 
accurate basis for comparison than is possible by the petrographic 
method alone and that it shows in an extremely accurate and detailed 
manner the relative abundance of minerals that might form under a 
given set of conditions (p. 1750), I recognize fully the shortcomings 
and limitations of gravimetric analysis and have used only those facts 
which seem to me to be beyond the limits of error, since the error due 
to adsorption is almost certain to be cumulative rather than compen- 
sating. 

Washington learned, as he assembled several thousand analyses from 
sources rarely containing ten each, that “The bad summations in such 
a series of analysis indicate serious errors in the whole series and lead 
one to reject those analyses of the series whose summations are ap- 
parently acceptable, for one is justified in assuming that the good 
summations result from the chance balancing of errors.” *® He followed 
this rule in the case of Duparc,’ over half of whose analyses fell below 
C grade, and occasionally where one or two analyses in five had poor 
summations or appeared inferior. He did not discard the two good 
analyses in six (poor summation) by Walker,® the six superior analyses 
in eight (summations good but rejected for other reasons) by Grout,’° 
the excellent with the poor (poor summation) by Watson,” and the 
useful with the questionable by von. John and by Schei.’* It is 
against the laws of probability that the good summation of forty 
analyses results from the general balancing of errors which remain 


*H. 8S. Washington: Chemical analyses of igneous rocks, U. S. Geol. Surv., Prof. Pap. 99 
(1917) p. 22. 

7L. Dupare and F. Pearce: L’Oural du nord, Soc. Ph., Gen. mem. I, vol. 34, pt. 2 (1902); Gen. 
mem. II, vol. 34, pt. 5 (1905); Gen. mem. III, vol. 36, pt. 1 (1909). 

®T. L. Walker: Geological and petrographical studies of the Sudbury nickel district (Canada), 
Geol. Soc. London, Quart. Jour., vol. 53 (1897) p. 56, 63. 

®F. F. Grout: Contribution to the petrography of the Keweenawan, Jour. Geol., vol. 18 
(1910) p. 644, 647, 648, 650, 655. 

1° T, L. Watson: Granites and gneisses of Georgia, Ga. Geol. Surv., Bull. 9a (1902). 

11K. Hinterlechner and C. von John: Ueber eruptivgesteine aus dem Eisengebirge in Béhmen, 
Jahrb. d. K.K. Geol. Reichsanst., Wien, vol. 59 (1909) p. 127-244. 

42C. Bugge: Report of the second Norwegian Arctic Ezpedition in the Fram, no. 22 (1910). 
(Analyses by Schei.) 
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unbalanced in five to give poorer totals; apparently, Washington took 
cognizance of this principle and used percentages of poor analyses, 
not number. It is easy enough to omit poor analyses from the list 
when it is impractical to re-analyze rocks, but I believe the procedure 
withholds information; it seemed better, in the case of “Mongolian 
Magmas” to include all analyses and place almost no weight on those 
of inferior quality. 

Washington states clearly that “analyses of the first three ratings— 
that is, excellent, good, or fair—are worthy of use in petrological dis- 
cussions,” and are classed as superior.* Forty of the forty-five 
analyses given in “Mongolian Magmas” attain this standard, with 
four others falling short by 0.20 per cent or less. Question of the 
usefulness of the analyses is not the number which have been reduced 
to the grade of B or C but the number—forty to be exact—which are 
B or better. 

The analyses were assembled on curves for study, and these show, 
as clearly and as accurately as possible, the average variation of the 
oxides relative to silica variation. Necessarily, the curve form is 
controlled by two factors; first, the curves must pass as close to 
observed points as may be compatible with reasonable averages; sec- 
ond, the sum of all constituents—at least at points which are to be 
used in interpretation work—must be approximately 100. These two 
opposed factors force the curves to stay close to determined points at 
most places and to average between them at others. This is particu- 
larly true in the case of the total alkalies mentioned by Grout. 

Grout has taken exception to the statement “variance of individual 
specimens from the average by more than one per cent is found only 
in the gabbros,” and suggests that it should be modified to include at 
least the porphyrite 487 and the diorite 522. Both cases are mentioned 
specifically (p. 1765, 1779) as follows: 


A hornblende porphyrite from the Artsa Bogdo (specimen 487) appears almost 
unchanged by mechanical or chemical agencies and has greater resemblance to 
the rocks of the Serpentform dikes than to any other group. . . . Two, very small, 
irregular, fissures with quartz and feldspar are the only secondary features observed 
in this rock. This does not compare favorably with the history of deformation 
and mineral change recorded in the titanaugite diabase from the same region, 
and the rock may belong to the Serpentform dike series, to which it conforms 
closely in composition. 

A granitoid, quartz mica diorite from the east end of the Artsa Bogdo (speci- 
men 522) is as completely lacking in secondary structures as is the hornblende 
porphyrite (specimen 487) from the same locality. . . . Pleochroic halos about 
some zircons are neither wide enough nor dark enough to be compatible with a 
pre-Cambrian age for this rock, and seemingly it shculd be referred to the 
Serpentform dike series. 


13H. S. Washington: op. cit., p. 26. 
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Clearly, these two rocks received careful study but no weight in deter- 
mining the probable variation in composition of rocks in central Asia. 
Since petrographic study showed that no weight could be attached to 
data from these two specimens, there is no useful rock of 48.71 per cent 
SiO, (487) and no points which can be used directly to control the 
curves at this abscissa value; the form of the curve is controlled en- 
tirely by values for rocks of lower and higher SiO, content. Figure 4 
needs no change as suggested by Grout; it is correct as it stands, when 
used to illustrate the text quoted. However, the curve for P.O, is 
drawn 0.05 per cent too high at 50 per cent SiO., and the maximum 
is shown at 48 per cent SiO, at 0.10 per cent above any analysis in 
this series. The characteristic regular variation of P.O; in more com- 
plete rock series from this region seemed to justify this slight extra- 
polation from observed values, and the author would beg to be excused 
for allowing this interpretation feature to be entered as an apparent 
fact. 

Text illustrated by Figures 11 to 22 is branded “misleading.” The 
text may be abstruse, and conceivably could be misleading if the figures 
were placed to make comparison difficult; actually, they are placed 
beside the accompanying text. The complete statement of one part 
under question is: 

Titanium dioxide increases in successively later magmas throughout the entire 
range of composition (Fig. 11). Increase is most regular and consistent in the 
salalkalic phases and becomes slightly irregular in the femic types. 
Examination of Figure 11 will show that the complete range of Recent 
lavas is more titaniferous than corresponding rocks of earlier series, 
that salalkalic rocks (70 to 75 per cent SiO.) have a remarkably orderly 
increase, and the only disturbing points are in the second, or femic, 
series and at the femic end. The complete statement of another section 
criticised on the same grounds reads: 

Increase of potash in later magmas is one of the outstanding and consistent 
variations (Fig. 19). Increase is continuous and of increasing magnitude in the 
granitic phase but is less regular in some of the intermediate stages. A 68.57- 
percent-silica porphyry of the Serpentform dikes is low in potash and causes the 
only irregularity in the otherwise continuous increase in successively later magmas. 
Petrographic study showed that potash occurs mainly in potash feldspars, and, 
therefore, consistent increase of potash points to consistent increase of granitic 
minerals in later series. 

The illustration, Figure 19, seems to show what is meant by this state- 
ment and the facts plotted thereon to bear out the truth of the com- 
plete, if not the partial, quotation given by Grout. 

Some term was necessary as a label for the curves; use of “magma” 
in the term “Magma Variation Curves” and “Magma Comparison 
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Curves” probably was indiscreet. The word series could be substi- 
tuted for “magma” without affecting the meaning as defined on 
pages 1769-1770: 


Variation of any constituent, relative to the variation of silica, is represented 
by a line joining adjacent plotted points for all analyses of a series of rocks. 
These graphs are called magma variation curves... . 

. . . Comparison at frequent intervals may be made by measuring each ordinate 
at a definite abscissa distance (silica composition) and plotting these ordinates 
against period of activity or locality as abscissae. The slope of the line joining 
adjacent points represents the rate of change in the constituent. .. . 

... The method allows comparison of series of rocks, but not of individual 
specimens, by reference to a common basis—in this case, silica content. . . . These 
graphs are referred to as magma comparison curves. 


or the conclusions (p. 1808) : 


Summary of composition variation from series to series—Titanium dioxide, 
phosphorus pentoxide, and the granitic constituents, including potash, total alka- 
lies, and variables, increase in rocks of the same silica content, in successively 
later series. Total iron oxides remain constant, with ferric iron showing a slight 
tendency to increase in more recent series, and ferrous iron to decrease. Alumina 
remains nearly constant but shows slight decrease in the later gabbroic rocks and 
increase in the later granitic ones. Soda remains nearly constant from series to 
series in low silica rocks but decreases in the more recent rocks of dioritic and 
granitic types. The outstanding gabbroic constituents, lime and magnesia, de- 
crease from the Ancient series to the Tertiary and Recent lava series, throughout 
the entire range of rock types investigated. 

Rock for rock, in the more recent types the granitic characteristics increase 
and the gabbroic features decrease in importance, regardless of whether structural, 
mineralogical, or chemical features are used as a measure. 
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Boone chert. By Albert W. Giles 
(pages 1815-1878) 


Comment by E. R. Pout 


The lower two-thirds of the Osage section of central Tennessee, 
southern Kentucky, and northern Alabama has its closest physical 
analogy in that of the contiguous portions of Arkansas, Missouri, Okla- 
homa, and Kansas. Any solution of the problem of the predominance 
of chert-bearing rocks in the latter section must take into consideration 
the paleogeographical continuity of the deposits of the two separated 
areas of outcrop and their relation to location in the epeiric seas of 
Middle Mississippian time. 

All observers are aware of the sharp lithic change, found more or 
less uniformly in the southern and south central States, between the 
beds above and those below the base of the Warsaw. If an epigenetic 
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origin is to be assigned to the cherts of the Boone and of the New 
Providence-Keokuk, it is apparent that the alteration must have oc- 
curred prior to Warsaw deposition. Mississippian beds succeeding the 
Keokuk in these localities have not been affected in any considerable 
way by the replacement involving the lower Mississippian strata in 
such an assignment of chertification. A stratigraphic break of major 
consequence is indicated between the Keokuk and the Warsaw every- 
where within this observer’s experience. 

A syngenetic origin of these cherts seems entirely improbable in view 
of observable depositional conditions. The Lower Osage section of the 
southern States is characterized by facies accumulation, and the effect 
of wave action is positively indicated. These conditions of deposition 
are interpreted to preclude the accumulation of contemporaneous col- 
loidal silica into beds and lenses, especially in view of the fact that the 
presence of chert is as irregularly local in both horizontal and vertical 
occurrences for the southern area as it is for that described for the 
Boone limestone outcrop. In the southern area there is much local 
variation in the lithic character of the beds of the Osage, the important 
feature being that the limestones in places have been partially, in others 
completely, altered to chert. Again, in this area the basal portion of 
the Osage section most abundantly contains silicified strata. 

The area of most intense alteration seems to be confined to areas south 
of, and in the southern vicinity of, the Nashville Dome. Farther north- 
ward, in northern Tennessee and throughout Kentucky, especially 
northeastward, a greater predominance of clastics prevails at this hori- 
zon. Some pure limestones occur, but they have not been affected 
generally by alteration to chert. 

The conception of silicification through hydrothermal activity is no 
more supported by the stratigraphic conditions beneath the Middle 
Mississippian in the southern, than in the central, area. The strati- 
graphic base on which the Mississippian lies is extremely thick and has 
not been subjected to any great deal of faulting. Mineralization as- 
signable to hydrothermal deposition is noticeably absent. Several 
thick impervious shale beds occur locally in areas of chertification and 
the Cleveland-Chattanooga black shale is found generally below the 
areas of silicified beds. No significant silicification comparable to that 
in the Mississippian has occurred at lower horizons, although beds of 
similar lithic character, and as capable of alteration, are present. 

No conclusive evidence leading to a general solution of this problem 
is suggested here. This is offered mainly to indicate the similar physical 
background and resultant circumstances between the two separated 
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areas. and further to impress the fact that some cause must be sought 
involving an extensive regional mode of origin. Locally, the issue is 
confused by surficial alteration during recent geologic time. However, 
the primary consideration remains—that a tremendous quantity of 
silica, whose source is not now apparent, must have originated during 
Middle Mississippian time. 
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